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PREFACE 

I  WOULD  ask  those  readers  who  have  grown  up,  and 
who  may  be  disposed  to  find  fault  with  this  book,  on  the 
ground  that  in  so  many  points  it  is  incomplete,  or  that 
much  is  so  elementary  or  well  known,  to  remember  that 
the  lectures  were  meant  for  juveniles,  and  for  juveniles 
only.  These  latter  I  would  urge  to  do  their  best  to 
repeat  the  experiments  described.  They  will  find  that 
in  many  cases  no  apparatus  beyond  a  few  pieces  of  glass 
or  india-rubber  pipe,  or  other  simple  things  easily  ob- 
tained are  required.  If  they  will  take  this  trouble  they 
will  find  themselves  well  repaid,  and  if  instead  of  being 
discouraged  by  a  few  failures  they  will  persevere  with  the 
best  means  at  their  disposal,  they  will  soon  find  more  to 
interest  them  in  experiments  in  which  they  only  succeed 
after  a  little  trouble  than  in  those  which  go  all  right  at 
once.  Some  are  so  simple  that  no  help  can  be  wanted, 
while  some  will  probably  be  too  difficult,  even  with 
assistance ;  but  to  encourage  those  who  wish  to  see  for 
themselves  the  experiments  that  I  have  described,  I  have 
given  such  hints  at  the  end  of  the  book  as  I  thought 
would  be  most  useful. 

I  have  freely  made  use  of  the  published  work  of  many 
distinguished  men,  among  whom  I  may  mention  Savart, 
Plateau,  Clerk  Maxwell,  Sir  William  Thomson,  Lord 
Rayleigh,  Mr.  Chichester  Bell,  and  Prof.  Rucker.  The 
experiments  have  mostly  been  described  by  them,  some 
have  been  taken  from  journals,  and  I  have  devised  or 
arranged  a  few.  I  am  also  indebted  to  Prof.  Rucker 
for  the  apparatus  illustrated  in  Figs.  23,  24,  26,  27,  30, 
31  and  32. 


PREFACE   TO   THE   NEW   AND 
ENLARGED   EDITION 

As  the  earlier  editions  of  this  book  have  met  with  so 
favourable  a  reception,  since  in  fact  about  two  tons  of 
my  bubbles  are  floating  about  the  world,  and  the  book 
has  been  translated  into  French,  German  and  Polish,  I 
have  thought  fit  to  rearrange,  alter  and  enlarge  it.  The 
.hapter  on  the  colours  and  thicknesses  of  bubbles  is 
entirely  new,  as  are  two  or  three  other  shorter  ones  on 
bubbles  of  different  kinds.  In  some  of  these,  especially 
that  on  their  colours,  the  treatment  of  the  subject  is 
necessarily  a  good  deal  more  difficult  than  it  is  in  the 
original  parts.  As  the  book  is  primarily  intended  for  the 
general  reader  rather  than  for  the  student  of  physical 
science  I  have  avoided  the  use  of  all  trigonometrical  and 
algebraical  formulae,  as  I  know  their  paralysing  effect 
on  the  non-technical  reader.  At  the  same  time  I  do  not 
think  that  there  is  any  want  of  precision  or  accuracy  as 
a  result.  I  have  therefore  been  compelled  to  employ  a 
more  cumbersome  arithmetical  treatment  in  some  cases, 
while  in  others  I  have  used  geometrical  construction  in 
order  to  obtain  quantitative  results.  This  has  the  advan- 
tage of  providing  ocular  demonstration  as  well  as  proof, 
and  in  the  case  of  the  loss  of  time  within  the  thickness 
of  a  soap  film  is  far  neater  and  more  natural  than  the 
more  usual  trigonometrical  method.  I  have  felt  con- 
strained to  use  the  archaic  British  units  of  measurement, 
as  the  unfamiliar  metric  terminology  would  have  dis- 
tracted the  attention  of  the  majority  for  whom  this  book 
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is  intended,  who  have  spent  untold  hours  that  might 
have -gone  into  mathematical  or  general  education  in 
performing  ridiculous  operations  such  as  reduction, 
compound  multiplication  and  practice  which  our  British 
methods  of  measurement  necessitate,  but  which  in  more 
enlightened  countries  are  wholly  unnecessary.  This  book 
is  not  prepared  to  meet  the  requirements  and  artificial 
restrictions  of  any  syllabus,  and  it  is  not  prepared  to  help 
students  through  any  examination.  I  cannot  help  think- 
ing, however,  that  if  the  type  of  student  who  puts  more 
faith  in  learning  formulae  than  in  understanding  how  they 
may  be  recovered  when  forgotten,  as  they  will  be,  would 
condescend  to  spend  the  time  necessary  for  reading  the 
chapter  on  the  colours  of  soap-bubbles  he  would  derive 
some  help  from  it,  and  he  might  even  find  it  useful  in 
preparing  for  an  examination. 

In  the  additional  chapters  I  have  found  it  more 
convenient  to  give  with  the  text  sufficient  guidance  for 
the  repetition  of  experiments  instead  of  reserving  this 
for  the  practical  hints  at  the  end,  which  remain  much  as 
they  were. 

December^  1911. 
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SOAP-BUBBLES 
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Introductory 

I  DO  not  suppose  that  there  is  any  one  in  this  room 
who  has  not  occasionally  blown  a  common  soap-bubble, 
and  while  admiring  the  perfection  of  its  form,  and  the 
marvellous  brilliancy  of  its  colours,  wondered  how  it  is 
that  such  a  magnificent  object  can  be  so  easily  produced. 

I  hope  that  none  of  you  are  yet  tired  of  playing  with 
bubbles,  because,  as  I  hope  we  shall  see,  there  is  more 
in  a  common  bubble  than  those  who  have  only  played 
with  them  generally  imagine. 

The  wonder  and  admiration  so  beautifully  portrayed 
by  Millais  in  a  picture,  copies  of  which,  thanks  to  modern 
advertising  enterprise,  some  of  you  may  possibly  have 
seen,  will,  I  hope,  in  no  way  fall  away  in  consequence  of 
these  lectures ;  I  think  you  will  find  that  it  will  grow  as 
your  knowledge  of  the  subject  increases.  Plateau  in  his 
famous  work,  Statique  des  Liquides,  quotes  a  passage 
from  a  book  by  Henry  Berthoud,  to  the  effect  that  there 
is  an  Etruscan  vase  in  the  Louvre  in  Paris  in  which 
children  are  represented  blowing  bubbles  from  a  pipe. 
Plateau  states,  however,  that  no  classical  author  refers  to 
any  such  amusement,  and  the  only  two  references  to 
bubbles  of  any  kind  that  he  can  find  are  in  Ovid  and 
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Martial.  I  have  hunted  for  this  vase  at  the  Louvre  in 
vain.  A  correspondent,  however,  sent  the  quotation  to 
the  director,  by  whom  he  was  informed  that  no  such  vase 
was  there,  but  that  a  number  of  fictitious  antique  vases 
had  been  removed  from  the  collection. 

It  is  possible  that  some  of  you  may  like  to  know  why 
I  have  chosen  soap-bubbles  as  my  subject ;  if  so,  I  am 
glad  to  tell  you.  Though  there  are  many  subjects 
which  might  seem  to  a  beginner  to  be  more  wonderful, 
more  brilliant,  or  more  exciting,  there  are  few  which  so 
directly  bear  upon  the  things  which  we  see  every  day. 
You  cannot  pour  water  from  a  jug  or  tea  from  a  tea-pot; 
you  cannot  even  do  anything  with  a  liquid  of  any  kind, 
without  setting  in  action  the  forces  to  which  I  am  about 
to  direct  your  attention.  You  cannot  then  fail  frequently 
to  be  reminded  of  what  you  will  hear  and  see  in  this 
room,  and,  what  is  perhaps  most  important  of  all,  many 
of  the  things  I  am  going  to  show  you  are  so  simple  that 
you  will  be  able  without  any  apparatus  to  repeat  for 
yourselves  the  experiments  which  I  have  prepared,  and 
this  you  will  find  more  interesting  and  instructive  than 
merely  listening  to  me  and  watching  what  I  do. 

There  is  one  more  thing  I  should  like  to  explain,  and 
that  is  why  I  am  going  to  show  experiments  at  all.  You 
will  at  once  answer,  because  it  would  be  so  dreadfully 
dull  if  I  didn't.  Perhaps  it  would.  But  that  is  not  the 
only  reason.  I  would  remind  you  then  that  when  we 
want  to  find  out  anything  that  we  do  not  know,  there  are 
two  ways  of  proceeding.  We  may  either  ask  somebody 
else  who  does  know,  or  read  what  the  most  learned  men 
have  written  about  it,  which  is  a  very  good  plan  if  any- 
body happens  to  be  able  to  answer  our  question ; 
or  else  we  may  adopt  the  other  plan,  and  by  arranging 
an  experiment,  find  out  for  ourselves.  An  experiment  is  a 
question  which  we  ask  of  Nature,  who  is  always  ready 
to  give  a  correct  answer,  provided  we  ask  properly, 
that  is,  provided  we  arrange  a  proper  experiment.  An 
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experiment  is  not  a  conjuring  trick,  something  simply  to 
make  you  wonder,  nor  is  it  simply  shown  because  it  is 
beautiful,  or  because  it  serves  to  relieve  the  monotony  of 
a  lecture  ;  if  any  of  the  experiments  I  show  are  beautiful, 
or  do  serve  to  make  these  lectures  a  little  less  dull,  so  much 
the  better ;  but  their  chief  object  is  to  enable  you  to  see 
for  yourselves  what  the  true  answers  are  to  the  questions 
that  I  shall  ask. 


The  Elastic  Skin  of  Liquids 

Now  I  shall  begin  by  performing  an  experiment  which 
you  have  all  probably  tried  dozens  of  times  without 
recognizing  that  you  were  making  an  experiment  at  all. 
I  have  in  my  hand  a  common  camel's-hair  brush.  If  you 
want  to  make  the  hairs  cling  together  and  come  to  a 
point,  you  wet  it,  and  then  you  say  the  hairs  cling  to- 
gether because  the  brush  is  wet.  Now  let  us  try  the 
experiment ;  but  as  you  cannot  see  this  brush  across  the 
room,  I  hold  it  in  the  lantern,  and  you  can  .see  it  en- 
larged upon  the  screen  (Fig.  i,  left  hand).  Now  it  is 
dry,  and  the  hairs  are  separately  visible.  I  am  now 
dipping  it  in  the  water,  as  you  can  see,  and  on  taking  it 
out,  the  hairs,  as  we  expected,  cling  together  (Fig.  i, 
right  hand),  because  they  are  wet,  as  we  are  in  the  habit 
of  saying.  I  shall  now  hold  the  brush  in  the  water,  but 
there  it  is  evident  that  the  hairs  do  not  cling  at  all  (Fig. 
i,  middle),  and  yet  they  surely  are  wet  now,  being  actually 
in  the  water.  It  would  appear  then  that  the  reason 
which  we  always  give  is  not  exactly  correct.  This 
experiment,  which  requires  nothing  more  than  a  brush 
and  a  glass  of  water,  then,  shows  that  the  hairs  of  a  brush 
cling  together  not  only  because  they  are  wet,  but  for 
some  other  reason  as  well  which  we  do  not  yet  know.  It 
also  shows  that  a  very  common  belief  as  to  opening  our 
eyes  under  water  is  not  founded  on  fact.  It  is  very 
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commonly  said  that  if  you  dive  into  the  water  with  your 
eyes  shut  you  cannot  see  properly  when  you  open  them 
under  water,  because  the  water  gums  the  eyelashes  down 
over  the  eyes ;  and  therefore  you  must  dive  in  with  your 
eyes  open  if  you  wish  to  see  under  water.  Now  as  a 
matter  of  fact  this  is  not  the  case  at  all ;  it  makes  no 


FIG.  i. 

difference  whether  your  eyes  are  open  or  not  when  you 
dive  in,  you  can  open  them  and  see  just  as  well  either 
way.  In  the  case  of  the  brush  we  have  seen  that  water 
does  not  cause  the  hairs  to  cling  together  or  to  anything 
else  when  under  the  water,  it  is  only  when  taken  out  that 
this  is  the  case.  This  experiment,  though  it  has  not 
explained  why  the  hairs  cling  together,  has  at  any  rate 
told  us  that  the  reason  always  given  is  not  sufficient. 
I  shall  now  try  another  experiment  as  simple  as  the 
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last.  I  have  a  pipe  from  which  water  is  very  slowly 
issuing,  but  it  does  not  fall  away  continuously ;  a  drop 
forms  which  slowly  grows  until  it  has  attained  a  certain 
definite  size,  and  then  it  suddenly  falls  away.  I  want  you 
to  notice  that  every  time  this  happens  the  drop  is  always 
exactly  the  same  size  and  shape.  Now  this  cannot  be 
mere  chance  ;  there  must  be  some  reason  for  the  definite 


FIG.  2. 

size  and  shape.  Why  does  the  water  remain  at  all  ?  It 
is  heavy  and  is  ready  to  fall,  but  it  does  not  fall ;  it 
remains  clinging  until  it  is  a  certain  size,  and  then  it 
suddenly  breaks  away,  as  if  whatever  held  it  was  not 
strong  enough  to  carry  a  greater  weight.  Mr.  Worthing- 
ton  has  carefully  drawn  on  a  magnified  scale  the  exact 
shape  of  a  drop  of  water  of  different  sizes,  and  these  you 
now  see  upon  the  diagram  on  the  wall  (Fig.  2).  These 
diagrams  will  probably  suggest  the  idea  that  the  water  is 
hanging  suspended  in  an  elastic  bag,  and  that  the  bag 
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breaks  or  is  torn  away  when  there  is  too  great  a  weight 
for  it  to  carry.  It  is  true  there  is  no  bag  at  all  really,  but 
yet  the  drops  take  a  shape  which  suggests  an  elastic  bag. 
To  show  you  that  this  is  no  fancy,  I  have  supported  by 
a  tripod  a  large  ring  of  wood  over  which  a  thin  sheet  of 
india-rubber  has  been  stretched,  and  now  on  allowing 
water  to  pour  in  from  this  pipe  you  will  seethe  rubber 
slowly  stretching  under  the  increasing  weight,  and,  what 
I  especially  want  you  to  notice,  it  always  assumes  a  form 
like  those  on  the  diagram.  As  the  weight  of  water 
increases  the  bag  stretches,  and  now  that  there  is  about  a 
pailful  of  water  in  it,  it  is  getting  to  a  state  which 
indicates  that  it  cannot  last  much  longer ;  it  is  like  the 
water-drop  just  before  it  falls  away,  and  now  suddenly  it 
changes  its  shape  (Fig.  3),  and  it  would  immediately  tear 
itself  away  if  it  were  not  for  the  fact  that  india-rubber 
does  not  stretch  indefinitely ;  after  a  time  it  gets  tight  and 
will  withstand  a  greater  pull  without  giving  way.  You 
therefore  see  the  great  drop  now  permanently  hanging 
which  is  almost  exactly  the  same  in  shape  as  the  watt.r- 
drop  at  the  point  of  rupture.  I  shall  now  let  the  water 
run  out  by  means  of  a  syphon,  and  then  the  drop  slowly 
contracts  again.  Now  in  this  case  we  clearly  have  a 
heavy  liquid  in  an  elastic  bag,  whereas  in  the  drop  of 
water  we  have  the  same  liquid  but  no  bag  that  is  visible. 
As  the  two  drops  behave  in  almost  exactly  the  same  way, 
we  should  naturally  be  led  to  expect  that  their  form  and 
movements  are  due  to  the  same  cause,  and  that  the 
small  water-drop  has  something  holding  it  together  like 
the  india-rubber  you  now  see. 

Let  us  see  how  this  fits  the  first  experiment  with  the 
brush.  That  showed  that  the  hairs  do  not  cling  together 
simply  because  they  are  wet;  it  is  necessary  also  that 
the  brush  should  be  taken  out  of  the  water,  or  in  other 
words  it  is  necessary  that  the  surface  or  the  skin  of  the 
water  should  be  present  to  bind  the  hairs  together.  If 
then  we  suppose  that  the  surface  of  water  is  like  an 
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elastic   skin,  then  both  the   experiments  with  the  wet 
brush  and  with  the  water-drop  will  be  explained. 

Let    us    therefore   try    another    experiment    to  see 


FIG.  3. 

whether  in  other  ways  water  behaves  as  if  it  had  an 
elastic  skin. 

I  have  here  a  plain  wire  frame  fixed  to  a  stem  with  a 
weight  at  the  bottom,  and  a  hollow  glass  globe  fastened 

£2 


20 


SOAP-BUBBLES 


to  it  with  sealing-wax.  The  globe  is  large  enough  to 
make  the  whole  thing  float  in  water  with  the  frame  up  in 
the  air.  I  can  of  course  press  it  down  so  that  the  frame 
touches  the  water.  To  make  the  movement  of  the 
frame  more  evident  there  is  fixed  to  it  a  paper  flag. 
'  Now  if  water  behaves  as  if  the  surface  were  an  elastic 
skin,  then  it  should  resist  the  upward  passage  of  the 
frame  which  I  am  now  holding 
below  the  surface.  I  let  go, 
and  instead  of  bobbing  up  as  it 
would  do  if  there  were  no  such 
action,  it  remains  tethered  down 
by  this  skin  of  the  water.  If  I 
disturb  the  water  so  as  to  let  the 
frame  out  at  one  corner,  then, 
as  you  see,  it  dances  up  imme- 
diately (Fig.  4).  You  can  see 
that  the  skin  of  the  water  must 
have  been  fairly  strong,  because 
a  weight  of  about  one  quarter 
of  an  ounce  placed  upon  (the 
frame  is  only  just  sufficient  to 
make  the  whole  thing  sink. 
,  This  apparatus,  which  was 
originally  described  by  Van  der 
Mensbrugghe,  I  shall  make  use 
of  again  in  a  few  minutes. 

I  can  show  you  in  a  more 
striking  way  that  there  is  this 
elastic  layer  or  skin  on  pure 
clean  water.  I  have  a  small 

sieve  made  of  wire  gauze  sufficiently  coarse  to  allow 
a  common  pin  to  be  put  through  any  of  the  holes. 
There  are  moreover  about  eleven  thousand  of  these 
holes  in  the  bottom  of  the  sieve.  Now,  as  you  know, 
clean  wire  is  wetted  by  water,  that  is,  if  it  is  dipped  in 
water  it  comes  out  wet;  on  the  other  hand,  some 
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materials,  such  as  paraffin  wax,  of  which  paraffin  candles 
are  made,  are  not  wetted  or  really  touched  by  water,  as 
you  may  see  for  yourselves  if  you  will  only  dip  a  paraffin 
candle  into  water.  I  have  melted  a  quantity  of  par- 
affin in  a  dish  and  dipped  this  gauze  into  the  melted 
paraffin  so  as  to  coat  the  wire  all  over  with  it,  but  I  have 
shaken  it  well  while  hot  to  knock  the  paraffin  out  of  the 
holes.  You  can  now  see  on  the  screen  that  the  holes,  all 
except  one  or  two,  are  open,  and  that  a  common  pin  can 
be  passed  through  readily  enough.  This  then  is  the 
apparatus.  Now  if  water  has  an  elastic  skin  which  it  re- 
quires force  to  stretch,  it  ought  not  to  run  through  these 
holes  very  readily ;  it 
ought  not  to  be  able 
to  get  through  at  all 
unless  forced,  because 
at  each  hole  the  skin 
would  have  to  be 
stretched  to  allow  the 
water  to  get  to  the 
other  side.  This  you 
understand  is  only  true 
if  the  water  does  not 
wet  or  really  touch 
the  wire.  Now  to 
prevent  the  water  that  I  am  going  to  pour  in  from  striking 
the  bottom  with  so  much  force  as  to  drive  it  through,  I 
have  laid  a  small  piece  of  paper  in  the  sieve,  and  am 
pouring  the  water  on  to  the  paper,  which  breaks  the  fall 
(Fig.  5).  I  have  now  poured  in  about  half  a  tumbler  of 
water,  and  I  might  put  in  more.  I  take  away  the  paper 
but  not  a  drop  runs  through.  If  I  give  the  sieve  a  jolt 
then  the  water  is  driven  to  the  other  side,  and  in  a 
moment  it  has  all  escaped.  Perhaps  this  will  remind  you 
of  one  of  the  exploits  of  our  old  friend  Simple  Simon, 

"  Who  went  for  water  in  a  sieve, 
But  soon  it  all  ran  through." 


FIG.  5. 
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But  you  see  if  you  only  manage  the  sieve  properly,  this 
is  not  quite  so  absurd  as  people  generally  suppose. 
If  now  I  shake  the  water  off  the  sieve,  I  can,  for  the 

same  reason,  set  it  to  float 
on  water,  because  its 
weight  is  not  sufficient  to 
stretch  the  skin  of  the 
water  through  all  the  holes. 
The  water,  therefore,  re- 
mains on  the  other  side, 
and  it  floats  even  though, 
as  I  have  already  said, 
there  are  eleven  thousand 
holes  in  the  bottom,  any 
one  of  which  is  large 
enough  to  allow  an  ordin- 
ary pin  to  pass  through. 
This  experiment  also  illus- 
trates how  difficult  it  is 
to  write  real  and  perfect 
nonsense. 

You  may  remember  one 
of  the  stories  in  Lear's 
book  of  Nonsense  Songs. 

"  They  went  to  sea  in  a  sieve,  they  did, 

In  a  sieve  they  went  to  sea  : 
In  spite  of  all  their  friends  could  say, 
On  a  winter's  morn,  on  a  stormy  day, 
In  a  sieve  they  went  to  sea. 

*  *  *  * 

"  They  sailed  away  in  a  sieve,  they  did, 

In  a  sieve  they  sailed  so  fast, 
With  only  a  beautiful  pea-green  veil, 
Tied  with  a  riband  by  way  of  a  sail, 
To  a  small  tobacco-pipe  mast  ;  " 
«  *  *  * 

And  so  on.     You  see  that  it  is  quite  possible  to  go  to 
sea  in  a  sieve — that  is,  if  the  sieve  is  large  enough  and 
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the  water  is  not  too  rough — and  that  the  above  lines  are 
now  realized  in  every  particular  (Fig.  6). 

I  may  give  one  more  example  of  the  power  of  this 
elastic  skin  of  water.  If  you  wish  to  pour  water  from  a 
tumbler  into  a  narrow-necked  bottle,  you  know  how  if 
you  pour  slowly  it  nearly  all  runs  down  the  side  of  the 
glass  and  gets  spilled  about,  whereas  if  you  pour  quickly 
there  is  no  room  for  the  great  quantity  of  water  to  pass 
into  the  bottle  all  at  once,  and 
so  it  gets  spilled  again.  But  if 
you  take  a  piece  of  stick  or  a 
glass  rod,  and  hold  it  against 
the  edge  of  the  tumbler,  then 
the  water  runs  down  the  rod 
and  into  the  bottle,  and  none 
is  lost  (Fig.  7) ;  you  may  even 
hold  the  rod  inclined  to  one 
side,  as  I  am  now  doing,  but 
the  water  runs  down  the  wet 
rod  because  this  elastic  skin 
forms  a  kind  of  tube  which 
prevents  the  water  from  escap- 
ing. This  action  is  often  made 
use  of  in  the  country  to  carry 
the  water  from  the  gutters  under 
the  roof  into  a  water-butt  below. 
A  piece  of  stick  does  nearly  as  well  as  an  iron  pipe,  and 
it  does  not  cost  anything  like  so  much. 

I  think  then  that  I  have  now  done  enough  to  show 
that  on  the  surface  of  water  there  is  a  kind  of  elastic  skin. 
I  do  not  mean  that  there  is  anything  that  is  not  water  on 
the  surface,  but  that  the  water  while  there  acts  in  a 
different  way  to  what  it  does  inside,  and  that  it  acts  as^if 
it  were  an  elastic  skin  made  of  something  like  very  thin 
india-rubber,  only  that  it  is  perfectly  and  absolutely 
elastic,  which  india-rubber  is  not. 


FIG.  7. 
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Capillary  Attraction 

You  will  now  be  in  a  position  to  understand  how  it  is 
that  in  narrow  tubes  water  does  not  find  its  own  level, 
but  behaves  in  an  unexpected  manner.  I  have  placed 
in  front  of  the  lantern  a  dish  of  water  coloured  blue  so 
that  you  may  the  more  easily  see  it.  I  shall  now  dip 
into  the  water  a  very  narrow  glass  pipe,  and  immediately 
the  water  rushes  up  and  stands  about  half  an  inch  above 
the  general  level.  The  tube  inside  is  wet.  The  elastic 
skin  of  the  water  is  therefore  attached  to  the  tube,  and 
goes  on  pulling  up  the  water  until  the  weight  of  the 
water  raised  above  the  general  level  is  equal  to  the  force 
exerted  by  the  skin.  If  I  take  a  tube  about  twice  as 
big,  then  this  pulling  action  which  is  going  on  all  round 
the  tube  will  cause  it  to  lift  twice  the  weight  of  water, 
but  this  will  not  make  the  water  rise  twice  as  high, 
because  the  larger  tube  holds  so  much  more  water  for  a 
given  length  than  the  smaller  tube.  It  will  not  even 
pull  it  up  as  high  as  it  did  in  the  case  of  the  smaller 
tube,  because  if  it  were  pulled  up  as  high  the  weight  of 
the  water  raised  would  in  that  case  be  four  times  as 
great,  and  not  only  twice  as  great,  as  you  might  at  first 
think.  It  will  therefore  only  raise  the  water  in  the 
larger  tube  to  half  the  height,  and  now  that  the  two 
tubes  are  side  by  side  you  see  the  water  in  the  smaller 
tube  standing  twice  as  high  as  it  does  in  the  larger  tube. 
In  the  same  way,  if  I  were  to  take  a  tube  as  fine  as  a 
hair  the  water  would  go  up  ever  so  much  higher.  It  is 
for  this  reason  that  this  is  called  Capillarity,  from  the 
Latin  word  capillus,  a  hair,  because  the  action  is  so 
marked  in  a  tube  the  size  of  a  hair. 

Supposing  now  you  had  a  great  number  of  tubes  of  all 
sizes,  and  placed  them  in  a  row  with  the  smallest  on  one 
side  and  all  the  others  in  the  order  of  their  sizes,  then  it 
is  evident  that  the  water  would  rise  highest  in  the 
smallest  tube  and  less  and  less  high  in  each  tube  in  the 
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row  (Fig.  8),  until  when  you  came  to  a  very  large  tube 
you  would  not  be  able  to  see  that  the  water  was  raised  at 
all.  You  can  very  easily  obtain  the  same  kind  of  effect 
by  simply  taking  two  squares  pieces  of  window  glass  and 
placing  them  face  to  face  with  a  common  match  or  small 
fragment  of  anything  to  keep  them  a  small  distance  apart 
along  one  edge  while  they  meet  together  along  the 


FIG.  8. 


opposite  edge.  An  india-rubber  ring  stretched  over 
them  will  hold  them  in  this  position.  I  now  take  such 
a  pair  of  plates  and  stand  it  in  a  dish  of  coloured  water, 
and  you  at  once  see  that  the  water  creeps  up  to  the  top 
of  the  plates  on  the  edge  where  they  meet,  and  as  the 
distance  between  the  plates  gradually  increases,  so  the 
height  to  which  the  water  rises  gradually  gets  less,  and 
the  result  is  that  the  surface  of  the  liquid  forms  a 
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beautifully  regular  curve  which  is  called  by  mathe- 
maticians a  rectangular  hyperbola  (Fig.  9).  I  shall  have 
presently  to  say  more  about  this  and  some  other  curves, 
and  so  I  shall  not  do  more  now  than  state  that  the 
hyperbola  is  formed  because  as  the  width  between  the 
plates  gets  greater  the  height  gets  less,  or,  what  comes  to 
the  same  thing,  because  the  weight  of  liquid  supported 
at  any  small  part  of  the  curve  is  always  the  same^JX 

If  the  plates  or  the  tubes  had  been  made  of  material 
not  wetted  by  water,  then  the  effect  of  the  tension  of  the 


FIG.  9. 

surface  would  be  to  drag  the  liquid  away  from  the  narrow 
spaces,  and  the  more  so  as  the  spaces  were  narrower.  As 
it  is  not  easy  to  show  this  well  with  paraffined  glass  plates 
or  tubes  and  water,  I  shall  use  another  liquid  which  does 
not  wet  or  touch  clean  glass,  namely,  quicksilver.  As  it 
is  not  possible  to  see  through  quicksilver,  it  will  not  do 
to  put  a  narrow  tube  into  this  liquid  to  show  that  the 
level  is  lower  in  the  tube  than  in  the  surrounding  vessel, 
but  the  same  result  may  be  obtained  by  having  a  wide  and 
a  narrow  tube  joined  together.  Then,  as  you  see  upon 
the  screen,  the  quicksilver  is  lower  in  the  narrow  than  in 
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the  wide  tube,  whereas  in  a  similar  apparatus  the  reverse 
is  the  case  with  water  (Fig.  10). 

Although  the  elastic  tension  which  I  have  called  the 
strength  of  the  water-skin  is  very  small  where  big  things 
are  considered,  this  is  not  the  case  where  very  small 
things  are  acted  upon.  For  instance,  those  of  you  who 
are  fortunate  enough  to  live  in  the  country  and  who  have 
gone  down  to  play  by  the  side  of  a  brook  must  often 
have  seen  water-spiders  and  other  small  creatures  running 
on  the  water  without  sinking  in.  For  some  reason  their 
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feet  are  not  wetted  by  the  water,  and  so  they  tread  down 
and  form  a  small  dimple  where  each  foot  rests,  and  so 
the  up-pulling  sides  of  the  dimples  just  support  the 
weight  of  the  creature.  It  follows  also  from  this  that 
this  weight  is  exactly  equal  to  the  weight  of  the  water 
that  would  just  fill  all  the  dimples  up  to  the  general 
water  level,  that  is,  supposing  that  it  were  possible  to 
imagine  the  dimpled  water  solidified  for  the'  purpose 
of  the  experiment.  Mr.  H.  H.  Dixon,  of  Dublin,  once 
very  ingeniously  measured  the  force  with  which  one 
of  these  water-spiders  pressed  its  different  feet  while 
running  on  the  water.  He  photographed  the  shadow  of 
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the  spider  and  of  the  dimples  upon  a  white  porcelain 
dish  containing  the  water  on  which  the  spider  ran.  He 
then  mounted  one  of  the  spider's  feet  on  a  very  delicate 
balance,  and  made  it  press  on  the  water  with  different 
degrees  of  pressure,  and  again  photographed  the  shadow 
of  the  dimple  for  each  degree  of  pressure.  He  was 
thus  able  to  make  a  scale  by  means  of  which  he  could 
tell  the  pressure  exerted  by  the  spider  on  any  foot  by 
comparing  the  size  of  the  shadow  of  the  dimples  with 
those  on  his  scale.  He  was  also  able  to  see  the  order 
in  which  the  water-spider  put  down  its  feet,  and  so  solve 
the  problem  for  the  spider  which  so  perplexed  the  centi- 
pede of  the  well-known  lines — 

"A  centipede  was  happy  quite, 

Until  a  toad,  in  fun, 

Said,  '  Pray  which  leg  goes  after  which  ?  ' 
This  raised  her  doubts  to  such  a  pitch 
She  fell  distracted  in  the  ditch, 
Not  knowing  how  to  run." 

Prof.  Miall  has  described  how  a  certain  other  water- 
spider  spins  a  net  under  water  through  which  air  will  not 
pass,  just  as  water  would  not  pass  through  the  sieve 
which  it  did  not  wet.  The  spider  then  goes  to  the  sur- 
face and  carries  air  down  and  liberates  it  under  the  net 
and  so  gradually  accumulates  a  reservoir  of  air  to  enable 
it  to  breathe  at  leisure  when  it  has  a  good  supply. 

The  elastic  water-skin  is  made  use  of  by  certain  larvae 
which  live  immersed  in  the  water,  as  well  as  by  water- 
spiders  and  other  creatures  which  run  over  it.  The 
common  gnat  lays  its  eggs  in  stagnant  water,  and 
seems  especially  fond  of  water-butts  and  troughs  in 
gardens  or  greenhouses.  These  eggs  in  time  hatch  out 
into  the  larvae  of  the  gnat  which  corresponds  to  the  silk- 
worm or  caterpillar  of  a  moth  or  butterfly.  This  larva 
may  be  found  in  thousands  in  hot  weather  in  ordinary 
rainwater-butts.  You  must  have  noticed  small,  dark 
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creatures  which  swim  in  a  curious  jerky  way  and  go  to 
the  bottom  when  you  suddenly  come  near  and  frighten 
them.  However,  if  you  keep  still,  you  will  not  have  long 
to  wait  before  you  see  them  swimming  back  again  to  the 
surface,  to  which  they  attach  themselves,  and  then  remain 
hanging.  It  is  very  easy  to  show  these  alive  on  the 
screen.  In  the  place  of  a  lantern  slide  I  have  a  cell 
containing  water  in  which  are  a  number  of  these  larvae. 
You  will  see  how  they  swim  to  the  surface  and  then  hang 


FIG.  n. 

by  a  projection  like  a  tali  (Fig.  n).  This  is  a  breathing- 
tube,  and  so,  even  though  they  are  heavier  than  water 
and  naturally  sink,  they  are  able  to  hang  by  their  breath- 
ing-tubes, and  breathe  while  they  can  eat  rotten  leaves 
without  exertion.  The  larva  on  the  left  side  of  the 
figure  had  broken  away  from  the  surface  just  before  I 
took  the  photograph  and  was  slowly  sinking. 

If  you  examine  the  surface  of  water,  say  in  a  tumbler 
in  which  you  have  placed  some  of  these  larvae,  you  will 
see,  when  they  come  to  the  surface,  as  they  will  have  to 
do,  that  there  is  a  small  dimple  where  they  hang,  and 
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the  weight  of  the  water  that  would  be  needed  to  fill  this 
dimple  is  exactly  equal  to  the  downward  pull  of  the 
larva.  If  you  look  through  a  magnifying-glass  you  will 
see  it  much  better  and  also  notice  what  an  interesting 
looking  creature  the  larva  really  is. 

Prof.  Miall  has  also  shown  us  how  the  common 
duckweed  makes  use  of  surface  tension  to  .turn  itself 
round  so  that,  if  the  pond  is  net  already  crammed  with 
as  many  as  it  will  hold,  the  leaves  attract  each  other  so 
as  to  rest  in  contact  end  to  end,  leaving  their  sides,  from 
which  the  young  plants  originate  by  a  process  of  bud- 
ding, free  for  their  development.  The  leaf  has  a  central 
ridge,  and  the  heel  and  toe,  so  to  speak,  are  above  the 
general  surface,  so  that  the  water  surface  is  curved  up  to 
these.  Now  it  is  a  fact  that  things  that  are  wetted  by 
.water  so  that  the  water  is  curved  upwards  where  it  meets 
them,  attract  one  another,  the  reason  being  that  the 
pressure  within  the  raised  water  is  less  than  the  atmo- 
spheric pressure  on  the  other  side  in  proportion  as  it  is 
raised  higher.  Also  things  neither  of  which  is  wetted 
by  water  attract  each  other,  as  in  that  case  the  water 
is  curved  downwards  where  it  meets  them,  and  the  air- 
pressure  in  the  region  of  the  depression  is  less  than 
that  of  the  water  on  the  other  side  in  proportion  as  it  is 
depressed  lower.  On  the  other  hand,  two  things,  one  of 
which  is  wetted  and  one  of  which  is  not  wetted,  repel  each 
other.  Now,  coming  back  to  the  duckweed,  the  elevated 
toe  and  heel  attract  each  other  as  wetted  things  do, 
while  the  sides,  being  depressed  to  the  water  level  about, 
are  neutral.  You  will  do  well  to  make  the  experiment 
yourself.  Duckweed  is  easily  found  in  the  country.  Fill 
a  tumbler  until  it  is  rather  over  full,  i.e.  so  that  the 
curvature  of  the  water  at  the  edge  is  downwards.  Small 
things  that  are  wetted  will  then  remain  in  the  middle. 
Place  a  few  duckweed  plants  in  the  water  and  see  how 
they  attract  each  other  endways  only,  and  how  a  wetted 
point  will  cause  isolated  ones  to  turn  round  almost  like 
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a  magnet  acting  on  a  compass  needle.  Having  got  your 
duckweed,  it  will  be  found  interesting  to  keep  it  a  few 
days  and  watch  the  budding  and  separation  of  new 
plants. 

So  far  I  have  given  you  no  idea  what  Jprce  is  exerted 
by  this  elastic  skin  of  water.  Measurements  made  with 
narrow  tubes,  with  drops,  and  in  other  ways,  all  show 
that  it  is  almost  exactly  equal  to  the  weight  of  three  and 
a  quarter  grains  to  the  inch.  We  have,  moreover,  not 
yet  seen  whether  other  liquids  act  in  the  same  way,  and 
if  so  whether  in  other  cases  the  strength  of  the  elastic  skin 
is  the  same. 

Capillarity  of  Different  JLiquids 

You  now  see  a  second  tube  identical  with  that  from 
which  drops  of  water  were  formed,  but  in  this  case  the 
liquid  is  alcohol.  Now  that  drops  are  forming,  you  see 
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at  once  that  while  alcohol  makes  drops  which  have  a 
definite  size  and  shape  when  they  fall  away,  the  alcohol 
drops  are  not  by  any  means  so  large  as  the  drops  of 
water  which  are  falling  by  their  side.  Two  possible 
'reasons  might  be  given  to  explain  this.  Either  alcohol 
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is  a  heavier  liquid  than  water,  which  would  account  for 
the  smaller  drop  if  the  skin  in  each  liquid  had  the  same 
strength,  or  else  if  alcohol  is  not  heavier  than  water  its 
skin  must  be  weaker  than  the  skin  of  water.  As  a 
matter  of  fact  alcohol  is  a  lighter  liquid  than  water,  and 
so  still  more  must  the  skin  of  alcohol  be  weaker  than 
that  of  water. 

We  can  easily  put  this  to  the  test  of  experiment.     In 
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the  game  that  is  called  the  tug-of-war  you  know  well 
enough  which  side  is  the  strongest ;  it  is  the  side  which 
pulls  the  other  over  the  line.  Let  us  then  make  alcohol 
and  water  play  the  same  game.  In  order  that  you  may 
see  the  water,  it  is  coloured  blue.  It  is  lying  as  a 
shallow  layer  on  the  bottom  of  this  white  dish.  At  the 
present  time  the  skin  of  the  water  is  pulling  equally  in 
all  directions,  and  so  nothing  happens ;  but  if  I  pour  a 
few  drops  of  alcohol  into  the  middle,  then  at  the  line 


CAPILLARITY   OF  DIFFERENT  LIQUIDS  33 

which  separates  the  alcohol  from  the  water  we  have 
alcohol  on  one  side  pulling  in,  while  we  have  water  on 
the  other  side  pulling  out,  and  you  see  the  result.  The 
water  is  victorious ;  it  rushes  away  in  all  directions, 
carrying  a  quantity  of  the  alcohol  away  with  it,  and  leaves 
the  bottom  of  the  dish  dry  (Fig.  13). 

This  difference  in  the  strength  of  the  skin  of  alcohol 
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and  of  water,  or  of  water  containing  much  or  little  alcohol, 
gives  rise  to  a  curious  motion  which  you  may  see  on  the 
side  of  a  wine-glass  in  which  there  is  some  fairly  strong 
wine,  such  as  port.  The  liquid  is  observed  to  climb  up 
the  sides  of  the  glass,  then  to  gather  into  drops,  and  to 
run  down  again,  and  this  goes  on  for  a  long  time.  This 
was  explained  by  Professor  James  Thomson  as  follows  : 
The  thin  layer  of  wine  on  the  side  of  the  glass  being 
exposed  to  the  air,  loses  its  alcohol  by  evaporation  more 
c 
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quickly  than  the  wine  in  the  glass  does.  It  therefore 
becomes  weaker  in  alcohol  or  stronger  in  water  than 
that  below,  and  for  this  reason  it  has  a  stronger  skin. 
It  therefore  pulls  up  more  wine  from  below,  and  this 
goes  on  until  there  is  so  much  that  drops  form,  and  it 
runs  back  again  into  the  glass,  as  you  now  see  upon  the 
screen  (Fig.  14).  It  is  probable  that  this  movement  is 
referred  to  in  Proverbs  xxiii.  31  :  "  Look  not  thou  upon 
the  wine  when  it  is  red,  when  it  giveth  his  colour  in 
the  cup,  when  it  moveth  itself  aright." 

Ether,  in  the  same  way,  has  a  skin  which  is  weaker 
than  the  skin  of  water.  The  very  smallest  quantity  of 
ether  on  the  surface  of  water  will  produce  a  perceptible 
effect.  For  instance,  the  wire  frame  which  I  left  some 
time  ago  is  still  resting  against  the  water-skin.  The 
buoyancy  of  the  glass  bulb  is  trying  to  push  it  through, 
but  the  upward  force  is  just  not  sufficient.  I  will  how- 
ever pour  a  few  drops  of  ether  into  a  glass,  and  simply 
pour  the  vapour  upon  the  surface  of  the  water  (not  a 
drop  of  liquid  is  passing  over),  and  almost  immediately 
sufficient  ether  has  condensed  upon  the  water  to  reduce 
the  strength  of  the  skin  to  such  an  extent  that  the  frame 
jumps  up  out  of  the  water. 

There  is  a  well-known  case  in  which  the  difference 
between  the  strength  of  the  skins  of  two  liquids  may  be 
either  a  source  of  vexation  or,  if  we  know  how  to  make 
use  of  it,  an  advantage.  If  you  spill  grease  on  your  coat 
you  can  take  it  out  very  well  with  benzene.  Now  if  you 
apply  benzene  to  the  grease,  and  then  apply  fresh  benzene 
to  that  already  there,  you  have  this  result — there  is  then 
greasy  benzene  on  the  coat  to  which  you  apply  fresh 
benzene.  It  so  happens  that  greasy  benzene  has  a 
stronger  skin  than  pure  benzene.  The  greasy  benzene 
therefore  plays  at  tug-of-war  with  pure  benzene,  and 
being  stronger  wins  and  runs  away  in  all  directions,  and 
the  more  you  apply  benzene  the  more  the  greasy  benzene 
runs  away  carrying  the  grease  with  it.  But  if  you 
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follow  the  proper  method,  and  first  make  a  ring  of 
clean  benzene  round  the  grease-spot,  and  then  apply 
benzene  to  the  grease,  you  then  have  the  greasy  benzene 
running  away  from  the  pure  benzene  ring  and  heaping 
itself  together  in  the  middle,  and  escaping  into  the  fresh 
rag  that  you  apply,  so  that  the  grease  is  all  of  it  removed. 

I  put  this  to  a  very  severe  test  once  when  a  new  white 
satin  dress  had  been  spoiled  by  an  upset  of  soup.  I  laid  a 
number  of  dusters  on  the  ground  out  of  doors  and 
carefully  laid  the  part  which  was  stained  over  the  dusters, 
and  then  using  a  quart  or  so  of  pure  benzene  (not 
benzoline  or  petrol  which  by  comparison  are  useless)  I 
poured  it  freely  first  in  a  ring  round,  and  then  through 
the  place  constantly,  replacing  the  old  dusters  by  new. 
Then  on  lifting  it  up  *^e  remaining  benzene  quickly 
evaporated,  and  no  trace  of  the  stain  nor  any  "high- 
water  mark  "  could  be  detected. 

There  is  a  difference  again  between  hot  and  cold 
grease,  as  you  may  see,  when  you  get  home,  if  you  watch 
a  common  candle  burning.  Close  to  the  flame  ithe 
grease  is  hotter  than  it  is  near  the  outside.  It  has  thSN- 
fore  a  weaker  skin,  and  so  a  perpetual  circulation  is  kept 
up,  and  the  grease  runs  out  on  the  surface  and  back  again 
below,  carrying  little  specks  of  dust  which  make  this 
movement  visible,  and  making  the  candle  burn  regularly. 

You  probably  know  how  to  take  out  grease-stains  with 
a  hot  poker  and  blotting-paper.  Here  again  the  same 
kind  of  action  is  going  on. 

A  piece  of  lighted  camphor  floating  on  water  is  another 
example  of  movement  set  up  by  differences  in  the  strength 
of  the  skin  of  water  owing  to  the  action  of  the  camphor. 

The  best  way  to  make  the  experiment  with  camphor  is 
to  take  a  large  basin  of  very  clean  water  and  then  holding 
the  camphor  over  the  water,  scrape  the  corners  lightly 
with  a  knife.  The  minute  specks  of  camphor  which  fall 
on  the  water  will  then  display  an  activity  which  is  quite 
surprising.  The  water  however  must  be  nearly  perfectly 
c  2 
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free  from  grease,  mere  contact  with  the  finger  for  a 
moment  may  be  sufficient  to  stop  the  display  of  activity. 
Lord  Rayleigh  has  determined  the  weight  of  oil  that  will 
"  kill  "  camphor  in  water  in  a  large  bath,  and  has  found 
in  this  way  that  if  the  thickness  of  oil  is  no  more  than 
TZWUVOOV  mcn>  the  camphor  is  dead.  If  no  vessel  in  the 
house  is  clean  enough,  a  rain-water  butt  which  has  been 
overflowing  during  the  rain  will  be  found  perfectly 
satisfactory.  It  would  be  best  not  to  tell  the  cook  that 
all  the  clean  things  are  greasy. 

The  camphor  experiment  is  sufficient  to  show  that  a 
tiny  speck  of  oil  spreads  almost  instantly  over  a  large 
surface  of  water.  The  strength  of  the  pure  water  skin  is 
greater  than  that  of  the  two  separate  skins,  one  where 
the  oil  and  air  meet,  and  the  other  where  the  oil  and 
the  water  meet,  and  thus  it  is  that  the  oil  spreads  first  so  as 
to  show  colours  like  a  soap-bubble,  and  then  so  much 
thinner  that  no  colours  can  be  seen. 

I  am  not  sure  whether  the  extremely  unpleasant  and 
clinging  taste  of  castor  oil  is  not  due  to  an  action  of  this 
kind  causing  the  oil  to  spread  over  every  part  of  the 
mouth,  and  whether  the  use  of  ginger-wine  in  making  the 
oil  less  unpleasant  may  not  depend  upon  the  reduction 
of  the  strength  of  the  water  skin  in  the  mouth  by  the 
action  of  the  alcohol  in  the  wine  so  that  the  oil  no 
longer  searches  out  every  corner  and  crevice,  but  goes  in 
the  required  direction  like  an  oyster.  Of  course  the  hot 
flavour  is  all  to  the  good,  but  that  alone  would  seem 
hardly  sufficient. 

Pouring  Oil  on  Troubled   Water 

Oil  besides  spreading  on  water  has  a  wonderful  effect 
in  preventing  the  formation  of  ripples  by  the  wind,  for 
when  a  wave  of  any  size  whatever  is  moving  in  the  water 
the  sloping  side  of  the  wave  in  front  of  the  crest  is 
being  made  less  in  extent  while  that  behind  is  being 
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stretched.  Now  the  thin  film  of  oil  where  the  surface  is 
becoming  greater  will  become  thinner  and  the  strength 
of  the  water  skin  there  will  increase,  while  where  the 
surface  is  becoming  less  the  oil  will  thicken  and  the 
strength  will  become  less.  On  each  side  of  the  wave 
therefore  forces  are  set  up  opposing  the  existence  of  the 
wave,  and  though  these  are  immaterial  in  the  case  of 
long  waves  they  are  most  potent  where  the  waves  are 
very  small.  Thus  it  is  that  the  roughening  of  the  water 
by  the  wind  and  the  hold  of  the  wind  on  the  water  is  so 
greatly  affected  by  a  film  of  oil.  If  any  of  you  should  be 
living  on  a  yacht  you  will  be  surprised  how  long  you  can 
see  the  white  smooth  place  where  you  have  thrown  the 
.sardine  oil  overboard. 

Fig.  15  is  a  photograph  of  part  of  the  Serpentine  in 
Hyde  Park  opposite  the  gun-powder  magazine,  taken  on 
a  very  windy  day.  A  spoonful  of  olive  oil  had  been 
thrown  into  the  water.  A  large  oily  tract  from  twenty  to 
thirty  yards  in  diameter  is  clearly  seen,  showing  how  the 
thin  layer  of  oil  prevented  the  ripples  from  forming.  As 
the  smooth  patch  of  water  would  be  about  1000  times  as 
long  and  loco  times  as  wide  as  the  spoon,  the  depth  of 
the  oil  would  be  about  T^0^o0oth  of  the  depth  of  the  oil 
in  the  spoon,  or  perhaps  1 0  0  0  0^ Q-Q th  of  an  inch  deep. 
The  effect  of  pouring  oil  on  the  troubled  waters  of  the 
peaceful  Serpentine  is  evident. 

I  have  no  doubt  that  if  the  morning  bathers  were  to 
look  at  the  water  to  leeward  on  a  windy  day  they  would 
see  that  they  had  had  the  same  effect  as  the  oil.  It  is 
for  the  same  reason  that  the  track  of  steamships  at  sea 
is  visible  as  a  smooth  lane  for  so  long. 

I  will  give  only  one  more  example. 

If  you  are  painting  in  water-colours  on  greasy  paper  or 
certain  shiny  surfaces  the  paint  will  not  lie  smoothly  on 
the  paper,  but  runs  together  in  the  well-known  way ;  a 
very  little  ox-gall,  however,  makes  it  lie  perfectly,  because 
ox-gall  so  reduces  the  strength  of  the  skin  of  water  that 
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it  will  wet  surfaces  that  pure  water  will  not  wet.  This  re- 
duction of  the  surface  tension  you  can  see  if  I  use  the  same 
wire  frame  a  third  time.  The  ether  has  now  evaporated, 
and  I  can  again  make  it  rest  against  the  surface  of  the 
water,  but  very  soon  after  I  touch  the  water  with  a  brush 
containing  ox-gall  the  frame  jumps  up  as  suddenly  as  before. 

The  reduction  of  the  surface  tension  of  water  by 
ox-gall  or  by  soap  may  be  made  apparent  if  you  have 
some  gnat  larvae  in  a  tumbler,  for  as  soon  as  either  of 
these  touch  the  surface  of  the  clean  water  the  creatures 
are  no  longer  able  to  support  themselves  by  their  breath- 
ing tubes.  Oil  or  petroleum  dropped  on  the  water  in 
water-butts  and  pools  will  destroy  the  larvae  of  the  gnat 
and  mosquito,  and  this  treatment  is  now  largely  practised 
with  a  view  of  reducing  malaria  and  other  diseases  which 
are  carried  by  the  mosquito. 

It  is  quite  unnecessary  that  I  should  any  further  insist 
upon  the  fact  that  the  outside  of  a  liquid  acts  as  if  it 
were  a  perfectly  elastic  skin  stretched  with  a  certain 
definite  force. 

Liquid  Drops 

Suppose  now  that  you  take  a  small  quantity  of  water, 
say  as  much  as  would  go  into  a  nutshell,  and  suddenly 
let  it  go,  what  will  happen  ?  Of  course  it  will  fall  down 
and  be  dashed  against  the  ground.  Or  again,  suppose 
you  take  the  same  quantity  of  water  and  lay  it  carefully 
upon  a  cake  of  paraffin  wax  dusted  over  with  lycopodium 
which  it  does  not  wet,  what  will  happen  ?  Here  again 
the  weight  of  the  drop — that  which  makes  it  fall  if  not 
held — will  squeeze  it  against  the  paraffin  and  make  it 
spread  out  into  a  flat  cake.  What  would  happen  if  the 
weight  of  the  drop  or  the  force  pulling  it  downwards 
could  be  prevented  from  acting  ?  In  such  a  case  the 
drop  would  only  feel  the  effect  of  the  elastic  skin,  which 
would  try  to  pull  it  into  such  a  form  as  to  make  the 
surface  as  small  as  possible.  It  would  in  fact  rapidly 
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become  a  perfectly  round  ball,  because  in  no  other  way 
can  so  small  a  surface  be  obtained.  If,  instead  of  taking 
so  much  water,  we  were  to  take  a  drop  about  as  large  as 
a  pin's  head,  then  the  weight  which  tends  to  squeeze  it 
out  or  make  it  fall  would  be  far  less,  while  the  skin  would 
be  just  as  strong,  and  would  in  reality  have  a  greater 
moulding  power,  though  why  I  cannot  now  explain. 
We  should  therefore  expect  that  by  taking  a  sufficiently 
small  quantity  of  water  the  moulding  power  of  the  skin 
would  ultimately  be  able  almost  entirely  to  counteract 

the  weight  of  the  drop, 
so  that  very  small  drops 
should  appear  like  per- 
fect little  balls.  If  you 
have  found  any  difficulty 
in  following  this  argu- 
ment, a  very  simple 
illustration  will  make  it 
clear.  You  many  of  you 
probably  know  how  by 
folding  paper  to  make 
this  little  thing  which 
I  hold  in  my  hand  (Fig. 
1 6).  It  is  called  a  cat- 
box,  because  of  its  power  of  dispelling  cats  when  it  is 
rilled  with  water  and  well  thrown.  This  one,  large 
enough  to  hold  about  half  a  pint,  is  made  out  of  a 
small  piece  of  the  Times  newspaper.  You  may  fill  it 
with  water  and  carry  it  about  and  throw  it  with  your  full 
power,  and  the  strength  of  the  paper  skin  is  sufficient  to 
hold  it  together  until  it  hits  anything,  when  of  course  it 
bursts  and  the  water  comes  out.  On  the  other  hand,  the 
large  one  made  out  of  a  whole  sheet  of  the  Times  is  barely 
able  to  withstand  the  weight  of  the  water  that  it  will  hold. 
It  is  only  just  strong  enough  to  allow  of  its  being  filled 
and  carried,  and  then  it  may  be  dropped  from  a  height, 
but  you  cannot  throw  it.  In  the  same  way  the  weaker 
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skin  of  a  liquid  will  not  make  a  large  quantity  take  the 
shape  of  a  ball,  but  it  will  mould  a  minute  drop  so 
perfectly  that  you  cannot  tell  by  looking  at  it  that  it  is 
not  perfectly  round  every  way.  This  is  most  easily  seen 
with  quicksilver.  A  large  quantity  rolls  about  like  a  flat 
cake,  but  the  very  small  drops  obtained  by  throwing 


FIG.  17. 

some  violently  on  the  table  and  so  breaking  it  up  ap[  ear 
perfectly  round.  You  can  see  the  same  difference  in  the 
beads  of  gold  now  upon  the  screen  (Fig.  17).  They  are 
now  solid,  but  they  were  melted  and  then  allowed  to  cool 
without  being  disturbed.  Though  the  large  bead  is 
flattened  by  its  weight,  the  small  one  appears  perfectly 
round.  Finally,  you  may  see  the  same  thing  with  water 
if  you  dust  a  little  lycopodium  on  the  table.  Then 
water  falling  will  roll  itself  up  into  perfect  little  balls. 
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You  may  even  see  the  same  thing  on  a  dusty  day  if  you 
water  the  road  with  a  watering-pot. 

If  it  were  not  for  the  weight  of  liquids,  that  is  the  force 
with  which  they  are  pulled  down  towards  th^g&rth,  large 
drops  would  be  as  perfectly  round  as  small  ones.  This 
was  first  beautifully  shown  by  Plateau,  the  blind  experi- 
mentalist, who  placed  one  liquid  inside  another  which  is 
equally  heavy,  and  with  which  it  does  not  mix.  Alcohol 
is  lighter  than  oil,  while  water  is  heavier,  but  a  suitable 
mixture  of  alcohol  and  water  is  just  as  heavy  as  oil,  and 
so  oil  does  not  either  tend  to  rise  or  to  fall  when  im- 
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mersed  in  such  a  mixture.  I  have  in  front  of  the  lantern 
a  glass  box  containing  alcohol  and  water,  and  by  means 
of  a  tube  I  shall  slowly  allow  oil  to  flow  in.  You  see 
that  as  I  remove  the  tube  it  becomes  a  perfect  ball  an 
inch  or  more  in  diameter  (Fig.  18).  There  are  now  two  or 
three  of  these  balls  of  oil  all  perfectly  round.  I  want  you  to 
notice  that  when  I  hit  them  on  one  side  the  large  balls 
recover  their  shape  slowly,  while  the  small  ones  become 
round  again  much  more  quickly.  There  is  a  very  beauti- 
ful effect  which  can  be  produced  with  this  apparatus,  and 
though  it  is  not  necessary  to  refer  to  it,  it  is  well  worth 
while  now  that  the  apparatus  is  set  up  to  show  it  to  you. 
In  the  middle  of  the  box  there  is  an  axle  with  a  disc 
upon  it  to  which  I  can  make  the  oil  adhere.  Now  if  I 
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slowly  turn  the  wire  and  disc  the  oil  will  turn  also.  As 
I  gradually  increase  the  speed  the  oil  tends  to  fly  away 
in  all  directions,  but  the  elastic  skin  retains  it.  The 
result  is  that  the  ball  becomes  flattened  at  its  poles  like 
the  earth  itself.  On  increasing  the  speed,  the  tendency 
of  the  oil  to  get  away  is  at  last  too  much  for  the  elastic 
skin,  and  a  ring  breaks  away  (Fig.  19),  which  almost 
immediately  contracts  again  on  to  the  rest  of  the  ball  as 
the  speed  falls.  If  I  turn  it  sufficiently  fast  the  ring  breaks 
up  into  a  series  of  balls  which  you  now  see.  One  cannot 


help  being  reminded  of  the  heavenly  bodies  by  this  beauti- 
ful experiment  of  Plateau's,  for  you  see  a  central  body  and 
a  series  of  balls  of  different  sizes  all  turning  and  travelling 
round  in  the  same  direction ;  but  the  forces  which  are 
acting  in  the  two  cases  are  totally  distinct,  and  what  you 
see  has  nothing  whatever  to  do  with  the  sun  and  the 
planets. 

We  have  thus  seen  that  a  large  ball  of  liquid  can  be 
moulded  by  the  elasticity  of  its  skin  if  the  disturbing 
effect  of  its  weight  is  neutralized,  as  in  the  last  experi- 
ment. This  disturbing  effect  is  practically  of  no  account 
in  the  case  of  a  soap-bubble,  because  it  is  so  thin  that  it 
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hardly  weighs  anything.  You  all  know,  of  course,  that 
a  soap-bubble  is  perfectly  round,  and  now  you  know 
why ;  it  is  because  the  elastic  film,  trying  to  become  as 
small  as  it  can,  must  take  the  form  which  has  the  smallest ' 
surface  for  its  content,  and  that  form  is  the  sphere.  I 
want  you  to  notice  here,  as  with  the  oil,  that  a  large 
bubble  oscillates  much  more  slowly  than  a  small  one 
when  knocked  out  of  shape  with  a  bat  covered  with  baize 
or  wool. 

It  is  rather  difficult  to  make  the  experiment  with  water, 
alcohol  and  oil  mainly  because  if  the  oil  has  the  same 
density  as  the  surrounding  liquid  at  one  temperature  it 
becomes  lighter  if  the  temperature  rises,  or  heavier  if  it 
falls.  The  oil  expands  more  than  the  mixture  with  rise 
of  temperature,  hence  the  greater  change  of  density.  In 
a  later  part  of  this  book  I  refer  to  another  mixture  of 
liquids  that  I  have  used  with  success,  but  the  bisulphide 
of  carbon  has  so  bad  a  smell,  and  it  is  so  dangerously 
inflammable,  that  the  mixture  is  not  to  be  recommended 
for  general  use.  Mr.  C.  R.  Darling  has  recently  described 
a  very  easy  and  beautiful  way  of  showing  a  large  liquid 
sphere.  The  best  vessel  to  use  that  can  easily  be 
obtained  is  a  clock  shade  with  flat  sides  so  as  to  avoid  the 
magnification  sideways  by  the  curved  sides  of  a  round 
vessel.  Make  a  solution  of  three  parts  by  weight  of 
common  salt  in  100  of  water,  but  do  qpt  use  the  free 
running  salts  that  do  not  cake  as  they  are  contaminated 
with  bone  ash  or  starch  or  some  fine  powder  that  does 
not  dissolve  in  water  and  so  the  solution  is  milky.  Use 
ordinary  salt  which  is  apt  to  cake  but  which  is  pure. 
Fill  the  lower  third  of  the  shade  with  this  solution.  Then 
allow  water  to  trickle  very  slowly  down  the  sides  so  as  to 
float  on  the  salt  water  below.  Then  fixing  a  funnel  with 
a  tap  so  that  the  mouth  of  the  funnel  is  rather  above  the 
salt  solution,  allow  a  liquid  called  orthotoluidine  to  flow 
slowly  out.  This  liquid  is  of  a  beautiful  red  colour  and 
at  a  temperature  of  about  70°  F.  it  has  a  density  inter- 
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mediate  between  that  of  water  and  the  salt  solution,  and 
so  a  great  spherical  drop  two  or  three  inches  in  diameter 
may  be  formed  and  detached  from  the  funnel  and  remain 
at  rest  in  the  vessel.  If  the  temperature  rises  it  goes  up 
a  little  and  the  reverse  if  the  temperature  falls.  Mr. 
Darling  has  also  described  an  experiment  in  which  a 
vessel  of  hot  water  kept  hot  from  below  at  between  1 70° 
and  1 80°  F.  is  used  and  into  which  aniline  is  poured. 
At  a  temperature  of  about  145°  F.  aniline  has  the  same 
density  as  water  but  as  it  expands  more  with  rise  of 
temperature  it  is  lighter  than  water  when  hotter  and 
heavier  when  cooler.  The  aniline  on  the  surface 
becomes  cooler  and  presently  it  gathers  itself  into  a 
great  pendent  drop  which  breaks  away  from  the  sur- 
face and  goes  to  the  bottom.  There  it  gets  warmed 
and  soon  a  great  inverted  drop  forms  and  presently  it 
breaks  away  and  rises  to  the  surface,  and  so  the  process 
goes  on  indefinitely.  It  is  interesting  to  see  the  slow 
breaking  off  of  the  drops  and  the  formation  of  small 
intermediate  drops,  about  which  I  have  more  to  say 
later. 

Mr.  Darling  has  also  described  a  curious  movement 
which  occurs  among  the  thin  circular  spots  of  these 
liquids  which  float  upon  clean  water,  a  movement  which 
is  more  marked  if  the  liquids  are  not  pure.  While  any 
spot  of  liquid  #iay  remain  circular  and  quiescent  for  a 
time  it  is  subject  to  convulsions  which  cause  it  to  assume 
kidney  shapes  or  to  split  into  two  or  more.  When  there 
are  a  large  number  of  spots  the  agitation  is  perpetual 
and  is  even  more  remarkable  when  the  phenomenon  is 
projected  on  a  screen.  Like  the  movements  of  camphor 
already  described  these  are  instantly  destroyed  by  a  trace 
of  oil  or  soap  applied  to  the  surface  of  the  water.  The 
disks  immediately  then  thicken  into  smaller  lenses  and 
remain  at  rest. 

Petroleum,  or  paraffin  as  it  is  often  called,  will  not  mix 
with  water  but  separates  and  floats  on  the  top.  If  how- 
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ever  some  soap  is  dissolved  in  the  water  then  the  surface 
tension  of  the  solution  is  so  much  less  that  if  it  separates 
at  all  it  does  so  much  more  slowly.  Aphides  and  other 
insect  pests  do  not  like  soft  soap  or  petroleum,  and  so  a 
mixture  is  useful  for  spraying  trees.  If  the  petroleum 
separated  from  the  liquid  freely  and  got  sprayed  on  to 
the  tree  by  itself  the  tree  might  suffer  as  much  as  the 
insects,  but  as  it  remains  diffused  in  the  liquid  the  tree 
is  not  damaged. 

The  chief  result  that  I  have  endeavoured  to  make  clear 
so  far  is  this.  The  outside  of  a  liquid  acts  as  if  it  were 
an  elastic  skin,  which  will,  as  far  as  it  is  able,  so  mould 
the  liquid  within  it  that  its  surface  shall  be  as  small  as 
possible.  Generally  the  weight  of  liquids,  especially 
when  there  is  a  large  quantity,  is  too  much  for  the  feebly 
elastic  skin,  and  its  power  may  not  be  noticed.  The 
disturbing  effect  of  weight  is  got  rid  of  by  immersing  one 
liquid  in  another  which  is  equally  heavy  with  which  it 
does  not  mix,  and  it  is  hardly  noticed  when  very  small 
drops  are  examined,  or  when  a  bubble  is  blown,  for  in 
these  cases  the  weight  is  almost  nothing,  while  the  elastic 
power  of  the  skin  is  just  as  great  as  ever.  Different 
liquids  have  skins  of  different  degrees  of  strength.  When 
liquids  which  do  not  mix  are  brought  into  contact  with 
one  another  curious  movements  may  result. 


Soap-films,  their  Tension  and  Curvature 

I  have  not  as  yet  by  any  direct  experiment  shown  that 
a  soap-film  or  bubble  is  really  elastic,  like  a  piece  of 
stretched  india-rubber. 

Before  making  any  experiments,  however,  let  us  con- 
sider what.sort  of  forces  we  are  likely  to  have  to  investi- 
gate. I  have  already  stated  that  in  the  case  of  pure 
water  the  forces  pulling  in  opposite  directions  across 
any  line  one  inch  long  amount  to  the  weight  of  3 \  grains. 
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This  is  most  easily  determined  by  measuring  the  height 
that  clean  water  rises  in  a  narrow  clean  glass  tube.  It 
is  very  commonly  thought,  as  a  soap  solution  will  allow 
bubbles  to  be  blown  whereas  clean  water  will  not,  that 
therefore  the  elastic  strength  of  a  soap  solution  must  be 
greater.  It  is  really  just  the  other  way  about  and  this 
:nay  be  seen  at  once  by  observing  the  rise  of  a  soap 


FIG.  20. 

solution  in  the  same  tube  that  has  been  used  for  water. 
The  soap  solution  rises  to  only  about  one-third  of  the 
height.  As  such  a  solution  need  not  be  appreciably 
denser  than  water  this  shows  that  in  the  case  of  soap 
solution  the  pull  is  a  little  over  one  grain  to  the  inch  if  in 
the  case  of  water  it  is  3^  grains  to  the  inch. 

Now  a  soap-bubble  consists  of  a  thin  layer  of  liquid 
with  two  surfaces  and  each  is  tense  or  contractile  to  the 
extent  of  just  over  one  grain  to  the  inch ;  the  bubble 
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therefore  is  contractile  to  the  extent  of  a  little  over  two 
grains  to  the  inch  and  that  it  is  pulling  at  anything  to 
which  it  is  attached  may  easily  be  shown  in  many  ways. 
Perhaps  the  easiest  way  is  to  tie  a  thread  across  a  ring 
rather  loosely,  and  then  to  dip  the  ring  into  soap  water. 
On  taking  it  out  there  is  a  film  stretched  over  the  ring, 
in  which  the  thread  moves  about  quite  freely,  as  you  ca.n 


FIG.  21. 

see  upon  the  screen.  But  if  I  break  the  film  on  one 
side,  then  immediately  the  thread  is  pulled  by  the  film 
on  the  other  side  as  far  as  it  can  go,  and  it  is  now  tight 
(Fig.  20).  You  will  also  notice  that  it  is  part  of  a  perfect 
circle,  because  that  form  makes  the  space  on  one  side  as 
great,  and  therefore  on  the  other  side,  where  the  film  is, 
as  small,  as  possible.  Or  again,  in  this  second  ring  the 
thread  is  double  for  a  short  distance  in  the  middle.  If 
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I  break  the  film  between  the  threads  they  are  at  once 
pulled  apart,  and  are  pulled  into  a  perfect  circle  (Fig. 
21),  because  that  is  the  form  which  makes  the  space 
within  it  as  great  as  possible,  and  therefore  leaves  the 
space  outside  it  as  small  as  possible.  You  will  also 
notice,  that  though  the  circle  will  not  allow  itself  to  be 
pulled  out  of  shape,  yet  it  can  move  about  in  the  ring 


quite  freely,  because  such  a  movement  does  not  make 
any  difference  to  the  size  of  the  space  outside  it. 

I  have  now  blown  a  bubble  upon  a  ring  of  wire.  I 
shall  hang  a  small  ring  upon  it,  and  to  show  more  clearly 
what  is  happening,  I  shall  blow  a  little  smoke  into  the 
bubble.  Now  that  I  have  broken  the  film  inside  the 
lower  ring,  you  will  see  the  smoke  being  driven  out  and 
the  ring  lifted  up,  both  of  which  show  the  elastic  nature 
of  the  film.  Or  again,  I  have  blown  a  bubble  on  the  end 
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of  a  wide  pipe ;  on  holding  the  open  end  of  the  pipe  to 
a  candle  flame,  the  outrushing  air  blows  out  the  flame  at 
once,  which  shows  that  the  soap-bubble  is  acting  like  an 
elastic  bag.  Actually  in  this  experiment  the  carbonic  acid 
from  the  lungs  assists  greatly  in  putting  out  the  candle,  I 
have  however  blown  out  a  freshly  lighted  candle  with  pure 
air  in  this  way  (Fig.  22).  You  now  see  that,  owing  to  the 


FIG.  23. 

elastic  skin  of  a  soap-bubble,  the  air  or  gas  inside  is  under 
pressure  and  will  get  out  if  it  can.  Which  would  you 
think  would  squeeze  the  air  inside  it  most,  a  large  or  a 
small  bubble  ?  We  will  find  out  by  trying,  and  then  see 
if  we  can  tell  why.  You  now  see  two  pipes  each  with  a 
tap.  These  are  joined  together  by  a  third  pipe  in  which 
there  is  a  third  tap.  I  shall  first  blow  one  bubble  and 
shut  it  off  with  the  tap  i  (Fig.  23),  and  then  the  other, 
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and  shut  it  off  with  the  tap  2.  They  are  now  nearly 
equal  in  size,  but  the  air  cannot  yet  pass  from  one  to  the 
other  because  the  tap  3  is  turned  off.  Now  if  the 
pressure  in  the  larger  one  is  greater  it  will  blow  air  into 
the  other  when  I  open  this  tap,  until  they  are  equal  in 
size  ;  if,  on  the  other  hand,  the  pressure  in  the  smaller  one 


FIG.  24. 

is  greater,  it  will  blow  air  into  the  larger  one,  and  will 
itself  get  smaller  until  it  has  quite  disappeared.  We  will 
now  try  the  experiment.  You  see  immediately  that  I 
open  the  tap  3  the  small  bubble  shuts  up  and  blows  out 
the  large  one,  thus  showing  that  there  is  a  greater  pres- 
sure in  a  small  than  in  a  large  bubble.  The  directions 
in  which  the  air  and  the  bubble  move  are  indicated  in  the 

D  2 
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figure  by  arrows.  I  want  you  particularly  to  notice  and 
remember  this,  because  this  is  an  experiment  on  which  a 
great  deal  depends.  To  impress  this  upon  your  memory 
I  shall  show  the  same  thing  in  another  way.  There  is  in 
front  of  the  lantern  a  little  tube  shaped  like  a  U  half 
filled  with  water.  One  end  of  the  U  is  joined  to  a  pipe 
on  which  a  bubble  can  be  blown  (Fig.  24).  You  will 
now  be  able  to  see  how  the  pressure  changes  as  the 
bubble  increases  in  size,  because  the  water  will  be 
displaced  more  when  the  pressure  is  more,  and  less  when 
it  is  less.  Now  that  there  is  a  very  small  bubble,  the 
pressure  as  measured  by  the  water  is  about  one  quarter 
of  an  inch  on  the  scale.  The  bubble  is  growing  and  the 
pressure  indicated  by  the  water  in  the  gauge  is  falling, 
until,  when  the  bubble  is  double  its  former  size,  the 
pressure  is  only  half  what  it  was ;  and  this  is  always  true, 
vthft  fminllpr  t.hft  h^hhlp  tV|A  g^stAr  thp  prpgsijrp  As  the 
film  is  always  stretched  with  the  same  force,  whatever 
size  the  bubble  is,  it  is  clear  that  the  pressure  inside  can 
only  depend  upon  the  curvature  of  a  bubble.  In  the 
case  of  lines,  our  ordinary  language  tells  us,  that  the 
larger  a  circle  is  the  less  is  its  curvature ;  a  piece  of  a 
small  circle  is  said  to  be  a  quick  or  a  sharp  curve,  while 
a  piece  of  a  great  circle  is  only  slightly  curved ;  and  if 
you  take  a  piece  of  a  very  large  circle  indeed,  then  you 
cannot  tell  it  from  a  straight  line,  and  you  say  it  is  not 
curved  at  all.  With  a  part  of  the  surface  of  a  ball  it  is 
just  the  same — tEelarger  the  ball  the  less  it  is  curved  : 
and  if  the  ball  is  as  large  as  the  earth,  /.  e.  8000  miles 
grrrnssj  you  cannot  tell  a  small  piece  of  it  from  a  true 
plane.  Level  water  is  part  of  such  a  surface,  and  you 
know  that  still  water  in  a  basin  appears  perfectly  flat, 
though  in  a  very  large  lake  or  the  sea  you  can  see  that  it 
is  curved.  We  have  seen  that  in  large  bubbles  the  pres- 
sure is  little  and  the  curvature  is  little,  while  in  small 
bubbles  the  pressure  is  great  and  the  curvature  is  great. 
The  pressure  and  the  curvature  rise  and  fall  together. 


SOAP-FILMS,    THEIR   TENSION   AND   CURVATURE          53 


We  have  now  learnt  the  lesson  which  the  experiment  of 
the  two  bubbles,  one  blown  out  by  the  other,  teaches  us. 
A  ball  or  sphere  is  not  the  only  form  which  you  can 
give  to  a  soap-bubble.  If  you  take  a  bubble  between 
two  rings,  you  can  pull  it  out  until  at  last  it  has  the  shape 
of  a  round  straight  tube  or  cylinder  as  it  is  called.  We 
have  spoken  of  the  curvature  of  a  ball  or  sphere ;  now 
what  is  the  curvature  of  a  cylinder  ?  Looked  at  sideways, 
the  edge  of  the  wooden  cylinder  upon  the  table  appears 
straight,  i.  e.  not  curved  at  all ;  but  looked  at  from  above 
it  appears  round,  and  is  seen  to  have  a  definite  curvature 
(Fig.  25).  What  then  is  the  curvature  of  the  surface  of  a 
cylinder  ?  We  have  seen  that  the  pressure  in  a  bubble 
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depends  upon  the -curvature  when  they  are  spheres,  and 
this  is  true  whatever  shape  they  have.  If,  then,  we  find 
what  sized  sphere  will  produce  the  same  pressure  upon 
the  air  inside  that  a  cylinder  does,  then  we  shall  know 
that  the  curvature  of  the  cylinder  is  the  same  as  that  of 
the  sphere  which  balances  it.  Now  at  each  end  of  a 
short  tube  I  shall  blow  an  ordinary  bubble,  but  I  shall 
pull  the  lower  bubble  by  means  of  another  tube  into  the 
cylindrical  form,  and  finally  blow  in  more  or  less  air  until 
the  sides  of  the  cylinder  are  perfectly  straight.  That  is 
now  done  (Fig.  26),  and  the  pressure  in  the  two  bubbles 
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must  be  exactly  the  same,  as  there  is  a  free  passage  of  air 
between  the  two.  On  measuring  them  you  see  that  the 
sphere  is  exactly  double  the  cylinder  in  diameter.  But 
this  sphere  has  only  half  the  curvature  that  a  sphere 
half  its  diameter  would  have.  Therefore  the  cylinder, 
which  we  know  has  the  same  curvature  that  the  large 
sphere  has,  because  the  two  balance,  has  only  half  the 


FIG.  26. 

curvature  of  a  sphere  of  its  own  diameter,  and  the  pres- 
sure in  it  is  only  half  that  in  a  sphere  of  its  own 
diameter. 

I  must  now  make  one  more  step  in  explaining  this 
question  of  curvature.  Now  that  the  cylinder  and  sphere 
are  balanced  I  shall  blow  in  more  air,  making  the 
sphere  larger;  what  will  happen  to  the  cylinder?  The 
cylinder  is,  as  you  see,  very  short ;  will  it  become  blown 
out  too,  or  what  will  happen  ?  Now  that  I  am  blowing 
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in  air  you  see  the  sphere  enlarging,  thus  relieving  the 
pressure ;  the  cylinder  develops  a  waist,  it  is  no  longer  a 
cylinder,  the  sides  are  curved  inwards.  As  I  go  on 
blowing  and  enlarging  the  sphere,  they  go  on  falling 
inwards,  but  not  indefinitely.  If  I  were  to  blow  the 


FIG.  27. 

upper  bubble  till  it  was  of  an  enormous  size  the  pres- 
sure would  become  extremely  small.  Let  us  make  the 
pressure  nothing  at  all  at  once  by  simply  breaking  the 
upper  bubble,  thus  allowing  the  air  a  free  passage  from 
the  inside  to  the  outside  of  what  was  the  cylinder.  Let 
me  repeat  this  experiment  on  a  large  scale.  I  have  two 
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large  glass  rings,  between  which  I  can  draw  out  a  film  of 
the  same  kind.  Not  only  is  the  outline  of  the  soap-film 
curved  inwards,  but  it  is  exactly  the  same  as  the  smaller 
one  in  shape  (Fig.  27).  As  there  is  now  no  pressure 
there  ought  to  be  no  curvature,  if  what  I  have  said  is 
correct.  But  look  at  the  soap-film.  Who  would  venture 
to  say  that  that  is  not  curved  ?  and  yet  we  had  satisfied 
ourselves  that  the  pressure  and  the  curvature  rose  and  fell 


FIG.  28. 

together.  We  now  seem  to  have  come  to  an  absurd 
conclusion.  Because  the  pressure  is  reduced  to  nothing 
we  say  the  surface  must  have  no  curvature,  and  yet  a  glance 
is  sufficient  to  show  that  the  film  is  so  far  curved  as  to 
have  a  most  elegant  waist.  Now  look  at  the  plaster  model 
on  the  table,  which  is  a  model  of  a  mathematical  figure 
which  also  has  a  waist. 

Let  us  therefore  examine  this  cast  more  in  detail.  I 
have  a  disc  of  card  which  has  exactly  the  same  diameter 
as  the  waist  of  the  cast.  I  now  hold  this  edgeways 
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against  the  waist  (Fig.  28),  and  though  you  can  see  that  it 
does  not  fit  the  whole  curve,  it  fits  the  part  close  to  the 
waist  perfectly.  This  then  shows  that  this  part  of  the 
cast  would  appear  curved  inwards  if  you  looked  at  it 
sideways,  to  the  same  extent  that  it  would  appear  curved 
outwards  if  you  could  see  it  from  above.  So  considering 
the  waist  only,  it  is  curved  both  towards  the  inside  and 
also  away  from  the  inside  according  to  the  way  you  look 
at  it,  and  to  the  same  extent.  The  curvature  inwards 
would  make  the  pressure  inside  less,  and  the  curvature 
outwards  would  make  it  more,  and  as  they  are  equal 


FIG.  29. 

they  just  balance,  and  there  is  no  pressure  at  all.  If  we 
could  in  the  same  way  examine  the  bubble  with  the 
waist,  we  should  find  that  this  was  true  not  only  at  the 
waist,  but  at  every  part  of  it.  Any  curved  surface  like 
this  which  at  every  point  is  equally  curved  opposite  ways, 
is  called  a  surface  of  no  curvature,  and  so  what  seemed 
an  absurdity  is  now  explained.  Now  this  surface,  which 
is  the  only  one  of  the  kind  symmetrical  about  an  axis 
except  a  flat  surface,  is  called  a  catenoid,  because  it  is 
like  a  chain,  as  you  will  see  directly,  and,  as  you  know, 
catena  is  the  Latin  for  a  chain.  I  shall  now  hang  a  chain 
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in  a  loop  from  a  levet  stick,  and  throw  a  strong  light 
upon  it,  so  that  you  can  see  it  well  (Fig.  29).  This  is  exactl} 
the  same  shape  as  the  side  of  a  bubble  drawn  out 
between  two  rings,  and  open  at  the  end  to  the  air. 

If  in  any  bent  surface  the  curvatures  at  any  part  as 
measured  along  any  two  lines  at  right  angles  to  one 
another  are  not  equal  and  opposite  as  they  are  in  the 
catenoid  we  have  just  discussed,  then  if  that  surface  is 
tense  as  is  the  surface  of  water  there  will  have  to  be  a 
greater  pressure  on  the  side  that  is  most  concave  and  this 
will  be  simply  proportional  to  the  difference  of  the  two 
curvatures.  This  consideration  affords  a  key  to  the 
solution  of  the  problem  of  the  exact  shape  of  a  drop  of 
water  (Fig.  2),  or  of  alcohol  (Fig.  12).  In  these  cases  as  the 
interior  of  the  surface  is  filled  with  liquid  the  pressure 
within  the  liquid  gets  steadily  greater  from  above  down- 
wards, just  as  the  pressure  keeps  on  getting  greater  with 
greater  depth  in  the  sea.  The  form  of  the  drop  then  is 
such  that  at  any  level  the  total  curvature  as  defined 
above,  that  is  the  sum  or  the  difference  of  the  curvatures 
as  measured  in  two  directions  at  right  angles  to  one 
another  (sum  if  their  centres  are  on  the  same  side 
or  difference  if  on  opposite  sides),  is  proportional  to  the 
distance  below  the  free  water  or  the  alcohol  level.  Water 
is  a  heavier  liquid  which  would  alone  make  the  drops 
smaller,  on  the  other  hand  its  skin  is  stronger  than  that  of 
alcohol  in  a  still  higher  degree  and  so  its  drops  are 
larger.  A  comparison  of  Figs.  2  and  12  will  show 
how  great  the  difference  is. 

We  have  found  that  the  pressure  in  a  short  cylinder 
gets  less  if  it  begins  to  develop  a  waist,  and  greater  if  it 
begins  to  bulge.  Let  us  therefore  try  and  balance  one 
with  a  bulge  against  another  with  a  waist.  Immediately 
that  I  open  the  tap  and  let  the  air  pass,  the  one  with  a 
bulge  blows  air  round  to  the  one  with  a  waist  and  they 
both  become  straight.  In  Fig.  30  the  direction  of  the 
movement  of  the  air  and  of  the  sides  of  the  bubble  is 
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ndicated  by  arrows.  Let  us  next  try  the  same  experi- 
nent  with  a  pair  of  rather  longer  cylinders,  say  about 
cwice  as  long  as  they  are  wide.  They  are  now  ready, 
one  with  a  bulge  and  one  with  a  waist.  Directly  I  open 
the  tap,  and  let  the  air  pass  from  one  to  the  other,  the 
one  with  a  waist  blows  out  the  other  still  more  (Fig.  31), 


FIG.  30. 

until  at  last  it  has  shut  itself  up.  It  therefore  behaves 
exactly  in  the  opposite  way  that  the  short  cylinder  did. 
If  you  try  pairs  of  cylinders  of  different  lengths  you  will 
find  that  the  change  occurs  when  they  are  just  over  one 
and  a  half  times  as  long  as  they  are  wide.  Now  if  you 
imagine  one  of  these  tubes  joined  on  to  the  end  of  the 
other,  you  will  see  that  a  cylinder  more  than  about  three 
times  as  long  as  it  is  wide  cannot  last  more  than  a 
moment ;  because  if  one  end  were  to  contract  ever  so 
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little  the  pressure  there  would  increase,  and  the  narrow 
end  would  blow  air  into  the  wider  end  (Fig.  32),  until 
the  sides  of  the  narrow  end  met  one  another.  The 
exact  length  of  the  longest  cylinder  that  is  stable,  is  a 
little  more  than  three  diameters.  The  cylinder  just 
becomes  unstable  when  its  length  is  equal  to  its  circum- 
ference, and  this  is  3^  diameters  almost  exactly. 


FIG.  31. 

I  shall  gradually  separate  these  rings,  keeping  up  a 
supply  of  air,  and  you  will  see  that  when  the  tube  gets 
nearly  three  times  as  long  as  it  is  wide  it  is  getting  very 
difficult  to  manage,  and  then  suddenly  it  grows  a  waist 
nearer  one  end  than  the  other,  and  breaks  off  forming  a 
pair  of  separate  and  unequal  bubbles. 

As  a  soap-bubble  is  tense  and  always  moves  so  as  to 
become  as  small  in  surface  as  the  conditions  determined 
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by  the  air  that  it  contains  or  by  its  attachment  to  solid 
supports  will  allow,  it  will  be  pretty  obvious  that  it 
enables  us  to  find  out  when  a  change  of  form  increases 
or  decreases  the  total  surface.  For  instance,  in  the  case 
of  the  cylinder  just  considered,  supported  between  two 
rings  and  containing  so  much  air,  if  the  length  of  the 
cylinder  is  less  than  3y  diameters  then  a  narrowing  at 
one  end  and  the  necessary  widening 
at  the  other  to  accommodate  the  dis- 
placed air  makes  the  total  surface 
become  greater,  and  this  we  know 
because  the  soap-bubble  of  that  form 
can  exist.  One  longer  than  3^  dia- 
meters cannot  exist,  and  therefore  we 
know  that  any  movement  tending  to 
form  a  waist  and  to  bulge  at  the 
two  ends  however  small  makes  the 
surface  smaller,  and  so  the  soap-bubble 
will  not  go  back,  but  by  continuing 
the  movement  makes  the  surface 
smaller  still  and  so  on,  until  it  has  • 
broken  through  as  we  have  seen.  Just 
close  to  the  critical  length  of  3!  dia- 
meters there  is  excessively  little  change 
of  surface  for  a  small  movement  of  the 
kind  considered,  and  so  the  soap- 
bubble  either  resists  or  encourages 
such  movement  with  very  feeble  in- 
fluence, and  such  bubbles  are  said  to 
be  very  slightly  stable  or  only  just 
unstable  as  the  case  may  be,  and  the  very  slightly 
stable  bubble  may  be  used  to  detect  forces  acting 
on  the  gas  within  it  which  would  not  be  noticed  in  a 
bubble  of  more  stable  form,  such  for  instance  as  a 
spherical  bubble.  I  have  blown  a  spherical  bubble 
with  oxygen  gas  and  placed  it  between  the  poles 
of  an  electro-magnet,  that  is  iron  which  only  becomes 


FIG.  32. 
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magnetic  when  I  allow  an  electric  current  to  pass  in  the 
wire  round  it  (Fig.  33).  The  bubble  and  magnet  can  be 
seen  on  the  screen,  and  you  can  hear  the  tap  of  the  key 
by  which  the  electric  current  is  allowed  to  pass.  There 
must  be  some  movement  of  the  bubble  because  oxygen 
gas  is  slightly  magnetic,  but  I  doubt  if  any  one  can 
detect  the  movement.  Now  by  means  of  a  stand  with 
moveable  rings  I  can  blow  another  bubble  of  the  same 


FIG.  33. 

gas  and  draw  it  out  into  a  cylindrical  bubble  of  very  nearly 
the  critical  length  (Fig.  34).  The  instant  that  you  hear 
the  click  of  the  key  the  magnetic  pull  on  the  oxygen  gas 
enables  it  to  overcome  the  feeble  resistance  of  the  nearly 
unstable  bubble,  and  in  a  moment,  too  quick  for  the 
eye  to  follow  it,  the  bubble  has  separated  into  two 
(Fig-  35)- 

Liquid  Cylinders  and  Jets 

If  now  you  have  a  cylinder  of  liquid  of  great  length 
suddenly  formed  and  left  to  itself,  it  clearly  cannot  retain 
that  form.  It  must  break  up  into  a  series  of  drops. 
Unfortunately  the  changes  go  on  so  quickly  in  a  falling 
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stream  of  water  that  no  one  by  merely  looking  at  it 
could  follow  the  movements  of  the  separate  drops,  but  I 
hope  to  be  able  to  show  to  you  in  two  or  three  ways 
exactly  what  is  happening.  You  may  remember  that  we 


FIG.  34. 

were  able  to  make  a  large  drop  of  one  liquid  in  another, 
because  in  this  way  the  effect  of  the  weight  was  neutral- 
ized, and  as  large  drops  oscillate  or  change  their  shape 
much  more  slowly  than  small,  it  is  more  easy  to  see  what 
is  happening.  I  have  in  this  glass  box  water  coloured 
blue  on  which  is  floating  petroleum,  made  heavier  by 
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mixing  with  it  a  bad-smelling  and  dangerous  liquid  called 
bisulphide  of  carbon. 

The  water  is  only  a  very  little  heavier  than  the  mixture. 
If  I  now  dip  a  pipe  into  the  water  and  let  it  fill,  I  can 
then  raise  it  and  allow  drops  to  form  slowly.  Drops  as 
large  as  a  shilling  are  now  forming,  and  when  each  one 
has  reached  its  full  size,  a  neck  forms  above  it,  which  is 
drawn  out  by  the  falling  drop  into  a  little  cylinder.  You 


FIG.  35. 

will  notice  that  the  liquid  of  the  neck  has  gathered  itself 
into  a  little  drop  which  falls  away  just  after  the  large 
drop.  The  action  is  now  going  on  so  slowly  that  you  can 
follow  it.  If  I  again  fill  the  pipe  with  water,  and 
this  time  draw  it  rapidly  out  of  the  liquid,  I  shall  leave 
behind  a  cylinder  which  will  break  up  into  balls  as  you 
can  easily  see  (Fig.  36).  I  should  like  now  to  show  you, 
as  I  have  this  apparatus  in  its  place,  that  you  can  blow 
bubbles  of  water  containing  petroleum  in  the  petroleum 
mixture,  and  you  will  see  some  which  have  other  bubbles 
and  drops  of  one  or  other  liquid  inside  again.  One  of 
these  compound  bubble  drops  is  now  resting  stationary 
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on  a  heavier  layer  of  liquid,  so  that  you  can  see  it  all  the 
better  (Fig.  37).  If  I  rapidly  draw  the  pipe  out  of  the 
box  I  shall  leave  a  long  cylindrical  bubble  of  water  con- 
taining petroleum,  and  this,  as  was  the  case  with  the 
water-cylinder,  slowly  breaks  up  into  spherical  bubbles. 
For  all  these  experiments  the  liquids  orthotoluidine  and 
water  would  be  more  convenient. 


FIG.  37. 

One  of  the  most  beautiful  bubbles  of  one  liquid  in 
another  which  can  be  produced  is  occasionally  formed  by 
accident.  If  a  basin  of  water  containing  a  few  pounds 
of  mercury  is  placed  under  a  violently  running  water-tap 
the  water  and  air  carried  down  into  the  mercury  cause 
mercury  bubbles  to  form  and  float  to  the  surface.  I 
have  been  able  to  float  these  into  a  second  basin,  where 
sometimes  for  a  few  seconds  they  look  like  shining  balls 
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of  pure  silver,  perfect  in  form  and  polish.  When  they 
break  a  tiny  globule  of  mercury  alone  remains,  far  more 
however  than  the  liquid  of  a  soap-bubble  of  the  same 
size.  I  have  obtained  mercury  bubbles  up  to  about 


FIG.  38. 


|  inch  in  diameter.  M.  Melsens,  who  first  described  these 
in  1845,  found  the  upper  part  to  be  so  thin  as  to  be 
transparent  and  of  a  slatey-blue  colour,  a  phenomenon 
which  I  have  not  noticed.  This  experiment  is  apt  to 
be  disastrous  if  it  is  done  in  a  lead  sink  or  in  a  sink 
E  2 
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with  a  lead  drain-pipe,  besides  being  wasteful  of  mercury. 
Care  should  be  taken  that  there  is  always  a  larger  vessel 
in  which  the  basin  stands  to  catch  the  overflowing 
mercury. 

Having  shown  that  a  very  large  liquid  cylinder  breaks  up 
regularly  into  drops,  I  shall  next  go  to  the  other  extreme, 
and  take  as  an  example  an  excessively  fine  cylinder.  You 
see  a  photograph  of  a  diadema  spider  on  her  geometrical 
web  (Fig.  38).  If  I  had  time  I  should  like  to  tell  you  how 
the  spider  goes  to  work  to  make  this  beautiful  structure, 
and  a  great  deal  about  these  wonderful  creatures,  but  I 
must  do  no  more  than  show  you  that  there  are  two  kinds 
of  web — those  that  point  outwards,  which  are  hard  and 
smooth,  and  those  that  go  round  and  round,  which  are 
very  elastic,  and  which  are  covered  with  beads  of  a  sticky 
liquid.  Now  there  are  in  a  good  web  over  a  quarter  of 
a  million  of  these  beads  which  catch  the  flies  for  the 
spider's  dinner.  A  spider  makes  a  whole  web  in  an 
hour,  and  generally  has  to  make  a  new  one  every  day. 
She  would  not  be  able  to  go  round  and  stick  all  these  in 
place,  even  if  she  knew  how,  because  she  would  not  have 
time.  Instead  of  this  she  makes  use  of  the  way  that 
a  liquid  cylinder  breaks  up  into  beads  as  follows.  She 
spins  a  thread,  and  at  the  same  time  wets  it  with  a' sticky 
liquid,  which  of  course  is  at  first  a  cylinder.  This  cannot 
remain  a  cylinder,  but  breaks  up  into  beads,  as  the 
photograph  taken  with  a  microscope  from  a  real  web 
beautifully  shows  (Fig.  39).  You  see  the  alternate  large 
and  small  drops,  and  sometimes  you  even  see  extra  small 
drops  between  these  again.  In  order  that  you  may  see 
exactly  how  iajge  these  beads  really  are,  I  have  placed 
alongside  a  scale  of  thousandths  of  an  inch,  which  I 
photographje4-at  the  same  time.  To  prove  to  you  that 
this  is  what  happens,  I  shall  now  show  you  a  web  that  I 
have  made  myself  by  stroking  a  quartz  fibre  with  a  straw 
dipped  in  castor-oil.  The  same  alternate  large  and  small 
beads  are  again  visible  just  as  perfect  as  they  were  in  the 
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spider's  web.  In  fact  it  is  impossible  to 
distinguish  between  one  of  my  beaded 
webs  and  a  spider's  by  looking  at  them. 
You  might  say  that  a  large  cylinder  of 
water  in  oil,  or  a  microscopic  cylinder  on  a 
thread,  is  not  the  same  as  an  ordinary  jet 
of  water,  and  that  you  would  like  to  see 
if  it  behaves  as  I  have  described.  The 
next  photograph  (Fig.  40),  taken  by  the 
light  of  an  instantaneous  electric  spark, 
and  magnified  three  and  a  quarter  times,, 
shows  a  fine  column  of  water  falling  from 
a  jet.  You  will  now  see  that  it  is  at  first 
a  cylinder,  that  as  it  goes  down  necks 
and  bulges  begin  to  form,  and  at  last 
beads  separate,  and  you  can  see  the  little 
drops  as  well.  The  beads  also  vibrate, 
becoming  alternately  long  and  wide,  and 
there  can  be  no  doubt  that  the  sparkling 
portion  of  a  jet,  though  it  appears  con- 
tinuous, is  really  made  up  of  beads  which 
pass  so  rapidly  before  the  eye  that  it  is 
impossible  to  follow  them.  (I  should 
explain  that  for  a  reason  which  will  appear 
later,  I  made  a  loud  note  by  whistling 
into  a  key  at  the  time  that  this  photo- 
graph was  taken.) 

Lord  Rayleigh  has  shown  that  in  a 
stream  of  water  one  twenty-fifth  of  an 
inch  in  diameter,  necks  impressed  upon 
the  stream,  even  though  imperceptible, 
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develop  a  thousandfold  in  depth  every  fortieth  of  a 
second,  and  thus  it  is  not  difficult  to  understand  that 
in  such  a  stream  the  water  is  already  broken  through 
before  it  has  fallen  many  inches.  He 
has  also  shown  that  free  water-drops 
vibrate  at  a  rate  which  may  be  found 
as  follows.  A  drop  two  inches  in 
diameter  makes  one  complete  vibra- 
tion in  one  second.  If  the  diameter 
is  reduced  to  one  quarter  of  its 
amount,  the  time  of  vibration  will  be 
reduced  to  one-eighth,  or  if  the  dia- 
meter is  reduced  to  one-hundredth, 
the  time  will  be  reduced  to  one- 
thousandth,  and  so  on.  The  same 
relation  between  the  diameter  and 
the  time  of  breaking  up  applies  also 
to  cylinders.  We  can  at  once  see 
how  fast  a  bead  of  water  the  size  of 
one  of  those  in  the  spider's  web 
would  vibrate  if  pulled  out  of  shape, 
and  let  go  suddenly.  If  we  take  the 
diameter  as  being  one  eight-hundredth 
of  an  inch,  and  it  is  really  even  smaller, 
then  the  bead  would  have  a  diameter 
of  one-sixteen-hundredth  of  a  two- 
inch  bead,  which  makes  one  vibration 
in  one  second.  It  will  therefore 
vibrate  sixty-four  thousand  times  as 
fast,  or  sixty-four  thousand  times  a 
second.  Water-drops  the  size  of  the 
little  beads,  with  a  diameter  of  rather 
less  than  one  three-thousandth  of  an 
inch,  would  vibrate  half  a  million 
times  a  second,  under  the  sole 
influence  of  the  feebly  elastic  skin  of  water.  We  thus 
see  how  powerful  is  the  influence  of  the  feebly  elastic 


FIG.  40. 
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water-skin    on    drops    of    water    that    are    sufficiently 
small. 

I  shall  now  cause  a  small  fountain  to  play,  and  shall 
allow  the  water  as  it  falls  to  patter  upon  a  sheet  of  paper. 
You  can  see  both  the  fountain  itself  and  its  shadow  upon 
the  screen.  You  will  notice  that  the  water  comes  out  of 
the  nozzle  as  a  smooth  cylinder,  that  it  presently  begins  to 


FIG.  41. 

glitter,  and  that  the  separate  drops  scatter  over  a  great 
space  (Fig.  41).  Now  why  should  the  drops  scatter? 
All  the  water  comes  out  of  the  jet  at  the  same  rate  and 
starts  in  the  same  direction,  and  yet  after  a  short  way 
the  separate  drops  by  no  means  follow  the  same  paths. 
Now  instead  of  explaining  this,  and  then  showing  experi- 
ments to  test  the  truth  of  the  explanation,  I  shall  reverse 
the  usual  order,  and  show  one  or  two  experiments  first, 
which  I  think  you  will  agree  are  almost  like  magic. 
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You  now  see  the  water  of  the  jet  scattering  in  all 
directions,  and  you  hear  it  making  a  pattering  sound  on 
the  paper  on  which  it  falls.  I  take  out  of  my  pocket  a 
stick  of  sealing-wax  and  instantly  all  is  changed,  even 
though  I  am  some  way  off  and  can  touch  nothing.  The 
water  ceases  to  scatter ;  it  travels  in  one  continuous  line 


FIG.  42. 

(Fig.  42),  and  falls  upon  the  paper  making  a  loud  rattling 
noise  which  must  remind  you  of  the  rain  of  a  thunder- 
storm. I  come  a  little  nearer  to  the  fountain  and  the 
water  scatters  again,  but  this  time  in  quite  a  different 
way.  The  falling  drops  are  much  larger  than  they  were 
before.  Directly  I  hide  the  sealing-wax  the  jet  of  water 
recovers  its  old  appearance,  and  as  soon  as  the  sealing-wax 
is  taken  out  it  travels  in  a  single  line  again. 

Now  instead  of  the  sealing-wax  I  shall  take  a  smoky 
flame  easily  made  by  dipping  some  cotton-wool  on  the 
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end  of  a  stick  into  benzene,  and  lighting  it.  As  long  as 
the  flame  is  held  away  from  the  fountain  it  produces  no 
effect,  but  the  instant  that  I  bring  it  near  so  that  the 
water  passes  through  the  flame,  the  fountain  ceases  to 
scatter ;  it  all  runs  in  one  line  and  falls  in  a  dirty  black 
stream  upon  the  paper.  Ever  so  little  oil  fed  into  the 


FIG.  43. 

jet  from  a  tube  as  fine  as  a  hair  does  exactly  the  same 
thing. 

I  shall  now  set  a  tuning-fork  sounding  at  the  other 
side  of  the  table.  The  fountain  has  not  altered  in  ap- 
pearance. I  now  touch  the  stand  of  the  tuning-fork  with 
a  long  stick  which  rests  against  the  nozzle.  Again  the 
water  gathers  itself  together  even  more  perfectly  than 
before,  and  the  paper  upon  which  it  falls  is  humming  out 
a  note  which  is  the  same  as  that  produced  by  the  tuning- 
fork.  If  I  alter  the  rate  at  which  the  water  flows  you 
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will  see  that  the  appearance  is  changed  again,  but  it  is 
never  like  a  jet  which  is  not  acted  upon  by  a  musical 
sound.  Sometimes  the  fountain  breaks  up  into  two  or 
three  and  sometimes  many  more  distinct  lines,  as  though 
it  came  out  of  as  many  tubes  of  different  sizes  and 
pointing  in  slightly  different  directions  (Fig.  43).  The 
effect  of  different  notes  could  be  very  easily  shown  if  any 
one  were  to  sing  to  the  piece  of  wood  by  which  the  jet 
is  held.  I  can  make  noises  of  different  pitches,  which 
for  this  purpose  are  perhaps  better  than  musical  notes, 
and  you  can  see  that  with  every  new  noise  the  fountain 
puts  on  a  different  appearance.  You  may  well  wonder 
how  these  trifling  influences — sealing-wax,  the  smoky 
flame,  oil  or  the  more  or  less  musical  noise — should  pro- 
duce this  mysterious  result,  but  the  explanation  is  not 
so  difficult  as  you  might  expect. 

»  Consider  what  I  have  said  about  a  liquid  cylinder.  If  it 

is  a  little  more  than  three  times  as  long  as  it  is  wide,  it 
cannot  retain  its  form ;  if  it  is  made  very  much  more 
than  three  times  as  long,  it  will  break  up  into  a  series  of 
beads.  Now,  if  in  any  way  a  series  of  necks  could  be 
developed  upon  a  cylinder  which  were  less  than  three 
diameters  apart,  some  of  them  would  tend  to  heal  up, 
because  a  piece  of  a  cylinder  less  than  three  diameters 
long  is  stable.  If  they  were  about  three  diameters  apart, 
the  form  being  then  unstable,  the  necks  would  get  more 
pronounced  in  time,  and  would  at  last  break  through,  so 
that  beads  would  be  formed.  If  necks  were  made  at 
distances  more  than  three  diameters  apart,  then  the 
cylinder  would  go  on  breaking  up  by  the  narrowing  of 
these  necks,  and  it  would  most  easily  break  up  into  drops 
when  the  necks  were  just  four  and  a  half  diameters 
apart.  In  other  words,  if  a  fountain  were  to  issue  from  a 
nozzle  held  perfectly  still,  the  water  would  most  easily 
break  into  beads  at  the  distance  of  four  and  a  half 
diameters  apart,  but  it  would  break  up  into  a  greater 
number  closer  together,  or  a  smaller  number  further 
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apart,  if  by  slight  disturbances  of  the  jet  very  slight 
waists  were  impressed  upon  the  issuing  cylinder  of 
water.  When  you  make  a  fountain  play  from  a  jet 
which  you  hold  as  still  as  possible,  there  are  still 
accidental  tremors  of  all  kinds,  which  impress  upon  the 
issuing  cylinder  slightly  narrow  and  wide  places  at 
irregular  distances,  and  so  the  cylinder  breaks  up  irregu- 
larly into  drops  of  different  sizes  and  at  different  distances 
apart.  Now  these  drops,  as  they  are  in  the  act  of 
separating  from  one  another,  and  are  drawing  out  the 
waist,  as  you  have  seen,  are  being  pulled  for  the  moment 
towards  one  another  by  the  elasticity  of  the  skin  of  the 
waist ;  and,  as  they  are  free  in  the  air  to  move  as  they 
will,  this  will  cause  the  hinder  one  to  hurry  on,  and  the 
more  forward  one  to  lag  behind,  so  that  unless  they  are 
all  exactly  alike  both  in  size  and  distance  apart  they  will 
many  of  them  bounce  together  before  long.  You  would 
expect  when  they  hit  one  another  afterwards  that  they 
would  join,  but  I  shall  be  able  to  show  you  in  a  moment 
that  they  do  not ;  they  act  like  two  india-rubber  balls, 
and  bounce  away  again.  Now  it  is  not  difficult  to  see 
that  if  you  have  a  series  of  drops  of  different  sizes  and 
at  irregular  distances  bouncing  against  one  another 
frequently,  they  will  tend  to  separate  and  to  fall,  as  we 
have  seen,  on  all  parts  of  the  paper  down  below.  What 
did  the  sealing-wax,  the  smoky  flame  or  the  oil  do  ?  and 
what  can  the  musical  sound  do  to  stop  this  from  happen- 
ing? Let  me  first  take  the  sealing-wax.  A  piece  of 
sealing-wax  rubbed  on  your  coat  is  electrified,  and  will 
attract  light  bits  of  paper  up  to  it.  The  sealing-wax  acts 
electrically  on  the  different  water-drops,  causing  them  to 
attract  one  another,  feebly,  it  is  true,  but  with  sufficient 
power  where  they  meet  to  make  them  break  through  the 
air-film  between  them  and  join.  To  show  that  this  is  not 
imaginary,  I  have  now  in  front  of  the  lantern  two  fountains 
of  clean  water  coming  from  separate  bottles,  and  you  can 
see  that  they  bounce  apart  perfectly  (Fig.  44).  To  show 
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that  they  do  really  bounce,  I  have  coloured  the  water  in 
the  two  bottles  differently.  The  sealing-wax  is  now  in  my 
pocket ;  I  shall  retire  to  the  other  side  of  the  room,  and 
the  instant  it  appears  the  jets  of  water  coalesce  (Fig.  45). 
This  may  be  repeated  as  often  as  you  like,  and  it  never 
fails.  These  two  bouncing  jets  provide  one  of  the 
most  delicate  tests  for  the  presence  of  electricity  that 


FIG.  44. 

exist.  You  are  now  able  to  understand  the  first  experi- 
ment. The  separate  drops  which  bounced  away  from  one 
another,  and  scattered  in  all  directions,  are  unable  to 
bounce  when  the  sealing-wax  is  held  up,  because  of  its 
electrical  action.  They  therefore  unite,  and  the  result  is, 
that  instead  of  a  great  number  of  little  drops  falling  all 
over  the  paper,  the  stream  pours  in  a  single  line,  and 
great  drops,  such  as  you  see  in  a  thunder-storm,  fall  on  the 
top  of  one  another.  There  can  be  no  doubt  that  it  is 
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for  this  reason  that  the  drops  of  rain  in  a  thunder-storm 
are  so  large.  This  experiment  and  its  explanation  are 
due  to  Lord  Rayleigh. 

The  bouncing  jets  are  so  sensitive  that  they  may  be 
used  to  receive  wireless  messages  if  the  liquid  used  is 
dilute  sulphuric  acid  so  as  to  conduct  electricity,  and  the 
receiving  circuit  is  broken  by  the  air  space  between  the 


FIG.  45. 

jets.  I  have  set  up  a  little  recorder,  the  tail  of  which 
is  hit  by  the  coalesced  jet  so  as  to  move  its  head  into 
contact  with  one  of  the  individual  streams  which  imme- 
diately causes  their  separation,  and  the  jets  are  ready  for 
another  signal.  It  is  interesting  to  notice  when  this  is 
set  up  in  a  large  hall  at  the  other  end  of  which  the 
transmitting  sparks  are  made  that  the  movement  of  the 
recorder,  as  seen  upon  the  screen,  anticipates  the  sound 
of  the  spark;  the  fact  be  ing  that  the  action  on  the  jets 
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is  at  the  same  moment  as  the  spark,  but  the  sound 
comes  along  perhaps  a  tenth  of  a  second  later. 

The  smoky  flame,  as  shown  by  Mr.  Bidwell,  also  makes 
the  jet  of  water  flow  in  a  single  line.  The  reason  probably 
is  that  the  dirt  breaks  through  the  air-film,  just  as  dust  in 
the  air  will  make  the  two  fountains  join  as  they  did  when 
they  were  electrified.  However,  it  is  possible  that  oily  matter 
condensed  on  the  water  may  have  something  to  do  with 
the  effect  observed,  because  oil  alone  acts  quite  as  well 
as  a  flame,  but  the  action  of  oil  in  this  case,  as  when 
it  smooths  a  stormy  sea,  is  not  by  any  means  so  easily 
understood. 

When  I  held  the  sealing-wax  closer,  the  drops  coalesced 
in  the  same  way;  but  they  were  then  so  much  more 
electrified  that  they  repelled  one  another  as  similarly 
electrified  bodies  are  known  to  do,  and  so  the  electrical 
scattering  was  produced. 

You  possibly  already  see  why  the  tuning-fork  made 
the  drops  follow  in  one  line,  but  I  shall  explain.  A 
musical  note  is,  as  is  well  known,  caused  by  a  rapid 
vibration;  the  more  rapid  the  vibration  the  higher  is 
the  pitch  of  the  note.  For  instance,  I  have  a  tooth- 
wheel  which  I  can  turn  round  very  rapidly  if  I  wish. 
Now  that  it  is  turning  slowly  you  can  hear  the  separate 
teeth  knocking  against  a  card  that  I  am  holding  in  the 
other  hand.  I  am  now  turning  faster,  and  the  card  is 
giving  out  a  note  of  a  low  pitch.  As  I  make  the  wheel 
turn  faster  and  faster,  the  pitch  of  the  note  gradually 
rises,  and  it  would,  if  I  could  only  turn  fast  enough,  give 
so  high  a  note  that  we  should  not  be  able  to  hear  it. 
A  tuning-fork  vibrates  at  a  certain  definite  rate,  and 
therefore  gives  a  definite  note.  The  fork  now  sounding 
vibrates  128  times  in  every  second.  The  nozzle,  there- 
fore, is  made  to  vibrate,  but  almost  imperceptibly, 
128  times  a  second,  and  to  impress  upon  the  issuing 
cylinder  of  water  128  imperceptible  waists  every  second. 
Now  it  just  depends  what  size  the  jet  is,  and  how 
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fast  the  water  is  issuing,  whether  these  waists  are 
about  four  and  a  half  diameters  apart  in  the  cylinder. 
If  the  jet  is  larger,  the  water  must  pass  more  quickly,  or 
under  a  greater  pressure,  for  this  to  be  the  case ;  if  the 
jet  is  finer,  a  smaller  speed  will  be  sufficient.  If  it  should 
happen  that  the  waists  so  made  are  anywhere  about  four 
diameters  apart,  then  even  though  they  are  so  slightly 
developed  that  if  you  had  an  exact  drawing  of  them, 
you  would  not  be  able  to  detect  the  slightest  change 
of  diameter,  they  will  grow  at  a  great  speed,  and  there- 
fore the  water  column  will  break  up  regularly,  every 
drop  will  be  like  the  one  behind  it,  and  like  the 
one  in  front  of  it,  and  not  all  different,  as  is  the  case 
when  the  breaking  of  the  water  merely  depends  upon 
accidental  tremors.  If  the  drops  then  are  all  alike  in 
every  respect,  of  course  they  all  follow  the  same  path, 
and  so  appear  to  fall  in  a  continuous  stream.  If  the 
waists  are  about  four  and  a  half  diameters  apart,  then 
the  jet  will  break  up  most  easily ;  but  it  will,  as  I  have 
said,  break  up  under  the  influence  of  a  considerable 
range  of  notes,  which  cause  the  waists  to  be  formed  at 
other  distances,  provided  they  are  more  than  three 
diameters  apart.  If  two  notes  are  sounded  at  the  same 
time,  then  very  often  each  will  produce  its  own  effect, 
and  the  result  is  the  alternate  formation  of  drops  of 
different  sizes,  which  then  make  the  jet  divide  into  two 
separate  streams.  In  this  way,  three,  four,  or  even  many 
more  distinct  streams  may  be  produced. 

I  can  now  show  you  photographs  of  some  of  these 
musical  fountains,  taken  by  the  instantaneous  flash  of 
an  electric  spark,  and  you  can  see  the  separate  paths 
described  by  the  drops  of  different  sizes  (Fig.  46).  In 
one  photograph  there  are  eight  distinct  fountains  all 
breaking  from  the  same  jet,  but  following  quite  distinct 
paths,  each  of  which  is  clearly  marked  out  by  a  perfectly 
regular  series  of  drops.  You  can  also  in  these  photo- 
graphs see  drops  actually  in  the  act  of  bouncing  against 
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one  another,  and  flattened  when  they  meet,  as  if  they 
were  india-rubber  balls.  In  the  photograph  now  upon 
the  screen  the  effect  of  this  rebound,  which  occurs  at 
the  place  marked  with  a  cross,  is  to  hurry  on  the  upper 
and  more  forward  drop,  and  to  retard  the  other  one,  and 
so  to  make  them  travel  with  slightly  different  velocities 
and  directions.  It  is  for  this  reason  that  they  afterwards 
follow  distinct  paths.  The  smaller  drops  had  no  doubt 
been  acted  on  in  a  similar  way,  but  the  part  of  the 
fountain  where  this  happened  was  just  outside  the  photo- 
graphic plate,  and  so  there  is  no  record  of  what  occurred. 
The  very  little  drops  of  which  I  have  so  often  spoken 
are  generally  thrown  out  from  the  side  of  a  fountain  of 
water  under  the  influence  of  a  musical  sound,  after  which 
they  describe  regular  little  curves  of  their  own,  quite 
distinct  from  the  main  stream.  They,  of  course,  can 
only  get  out  sideways  after  one  or  two  bouncings  from 
the  regular  drops  in  front  and  behind.  You  can  easily 
show  that  they  are  really  formed  below  the  place  where 
they  first  appear,  by  taking  a  piece  of  electrified  sealing- 
wax  and  holding  it  near  the  stream  close  to  the  nozzle 
and  gradually  raising  it.  When  it  comes  opposite  to  the 
place  where  the  little  drops  are  really  formed,  it  will  act 
on  them  more  powerfully  than  on  the  large  drops,  and 
immediately  pull  them  out  from  a  place  where  the 
moment  before  none  seemed  to  exist.  They  will  then 
circulate  in  perfect  little  orbits  round  the  sealing-wax,  just 
as  the  planets  do  round  the  sun ;  but  in  this  case,  being 
met  by  the  resistance  of  the  air,  the  orbits  are  spirals, 
and  the  little  drops  after  a  few  revolutions  ultimately  fall 
upon  the  wax,  just  as  the  planets  would  fall  into  the  sun 
after  many  revolutions,  if  their  motion  through  space 
were  interfered  with  by  friction  of  any  kind. 

There  is  only  one  thing  needed  to  make  the  demon- 
stration of  the  behaviour  of  a  musical  jet  complete,  and 
that  is,  that  you  should  yourselves  see  these  drops  in 
their  different  positions  in  an  actual  fountain  of  water. 
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Now  if  I  were  to  produce  a  powerful  electric  spark,  then 
it  is  true  that  some  of  you  might  for  an  instant  catch 
sight  of  the  drops,  but  I  do  not  think  that  most  would 
see  anything  at  all.  But  if,  instead  of  making  merely 
one  flash,  I  were  to  make  another  when  each  drop  had 
just  travelled  to  the  position  which  the  one  in  front  of  it 
occupied  before,  and  then  another  when  each  drop  had 
moved  on  one  place  again,  and  so  on,  then  all  the  drops, 
at  the  moments  that  the  flashes  of  light  fell  upon  them, 
would  occupy  the  same  positions,  and  thus  all  these 
drops  would  appear  fixed  in  the  air,  though  of  course 
they  really  are  travelling  fast  enough.  If,  however,  I  do 
not  quite  succeed  in  keeping  exact  time  with  my  flashes 
of  light,  then  a  curious  appearance  will  be  produced. 
Suppose,  for  instance,  that  the  flashes  of  light  follow  one 
another  rather  too  quickly,  then  each  drop  will  not  have 
had  quite  time  enough  to  get  to  its  proper  place  at  each 
flash,  and  thus  at  the  second  flash  all  the  drops  will  be 
seen  in  positions  which  are  just  behind  those  which  they 
occupied  at  the  first  flash,  and  in  the  same  way  at  the 
third  flash  they  will  be  seen  still  further  behind  their 
former  places,  and  so  on,  and  therefore  they  will  appear 
to  be  moving  slowly  backwards ;  whereas  if  my  flashes 
do  not  follow  quite  quickly  enough,  then  the  drops  will, 
every  time  that  there  is  a  flash,  have  travelled  just  a  little 
too  far,  and  so  they  will  all  appear  to  be  moving  slowly 
forwards.  Now  let  us  try  the  experiment.  There  is  the 
electric  lantern  sending  a  powerful  beam  of  light  on  to 
the  screen.  This  I  bring  to  a  focus  with  a  lens,  and  then 
let  it  pass  through  a  small  hole  in  a  piece  of  card.  The 
light  then  spreads  out  and  falls  upon  the  screen.  The 
fountain  of  water  is  between  the  card  and  the  screen,  and 
so  a  shadow  is  cast  which  is  conspicuous  enough.  Now 
I  place  just  behind  the  card  a  little  electric  motor,  which 
will  make  a  disc  of  card  which  has  six  holes  near  the 
edge  spin  round  very  fast.  The  holes  come  one  after 
the  other  opposite  the  hole  in  the  fixed  card,  and  so  at 
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every  turn  six  flashes  of  light  are  produced.  When  the 
card  is  turning  21 J  times  a  second,  then  the  flashes 
will  follow  one  another  at  the  right  rate.  I  have 
now  started  the  motor,  and  after  a  moment  or  two  I 
shall  have  obtained  the  right  speed,  and  this  I  know  by 
blowing  through  the  holes,  when  a  musical  note  will  be 
produced,  higher  than  the  fork  if  the  speed  is  too  high, 
and  lower  than  the  fork  if  the  speed  is  too  low,  and 
exactly  the  same  as  the  fork  if  it  is  right. 

To  make  it  still  more  evident  when  the  speed  is 
exactly  right,  I  have  placed  the  tuning-fork  also  between 
the  light  and  the  screen,  so  that  you  may  see  it  illumi- 
nated, and  its  shadow  upon  the  screen.  I  have  not  yet 
allowed  the  water  to  flow,  but  I  want  you  to  look  at  the 
fork.  For  a  moment  I  have  stopped  the  motor,  so  that 
the  light  may  be  steady,  and  you  can  see  that  the  fork  is 
in  motion  because  its  legs  appear  blurred  at  the  ends, 
where  of  course  the  motion  is  most  rapid.  Now  the 
motor  is  started,  and  almost  at  once  the  fork  appears 
quite  different.  It  now  looks  like  a  piece  of  india-rubber, 
slowly  opening  and  shutting,  and  now  it  appears  quite 
still,  but  the  noise  it  is  making  shows  that  it  is  not  still 
by  any  means.  The  legs  of  the  fork  are  vibrating,  but 
the  light  only  falls  upon  them  at  regular  intervals,  which 
correspond  with  their  movement,  and  so,  as  I  explained 
in  the  case  of  the  water-drops,  the  fork  appears  perfectly 
still.  Now  the  speed  is  slightly  altered,  and,  as  I  have 
explained,  each  new  flash  of  light,  coming  just  too  soon 
or  just  too  late,  shows  the  fork  in  a  position  which  is 
just  before  or  just  behind  that  made  visible  by  the 
previous  flash.  You  thus  see  the  fork  slowly  going 
through  its  evolutions,  though  of  course  in  reality  the  legs 
are  moving  backwards  and  forwards  128  times  a  second. 
By  looking  at  the  fork  or  its  shadow,  you  will  therefore 
be  able  to  tell  whether  the  light  is  keeping  exact  time 
with  the  vibrations,  and  therefore  with  the  water-drops. 

Now  the  water  is  running,  and  you  see  all  the  separate 
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drops  apparently  stationary,  strung  like  pearls  or  beads 
of  silver  upon  an  invisible  wire  (see  Frontispiece).  If  I 
make  the  card  turn  ever  so  little  more  slowly,  then  all 
the  drops  will  appear  to  march  onwards  slowly,  and  what 
is  so  beautiful — but  I  am  afraid  few  will  see  this — each 
little  drop  may  be  seen  to  break  off  gradually,  pulling 
out  a  waist  which  becomes  a  little  drop,  and  then  when 
the  main  drop  is  free  it  slowly  oscillates,  becoming  wide 
and  long,  or  turning  over  and  over,  as  it  goes  on  its  way. 
If  it  so  happens  that  a  double  or  multiple  jet  is  being 
produced,  then  you  can  see  the  little  drops  moving  up  to 
one  another,  squeezing  each  other  where  they  meet  and 
bouncing  away  again.  Now  the  card  is  turning  a  little 
too  fast  and  the  drops  appear  to  be  moving  backwards, 
so  that  it  seems  as  if  the  water  is  coming  up  out  of  the 
tank  on  the  floor,  quietly  going  over  my  head,  down  into 
the  nozzle,  and  so  back  to  the  water-supply  of  the  place. 
Of  course  this  is  not  happening  at  all,  as  you  know  very 
well,  and  as  you  will  see  if  I  simply  try  and  place  my 
ringer  between  two  of  these  drops.  The  splashing  of  the 
water  in  all  directions  shows  that  it  is  not  moving  quite 
so  quietly  as  it  appears.  There  is  one  more  thing  that 
I  would  mention  about  this  experiment.  Every  time 
that  the  flashing  light  gains  or  loses  one  complete  flash, 
upon  the  motion  of  the  tuning-fork,  it  will  appear  to 
make  one  complete  oscillation,  and  the  water-drops  will 
appear  to  move  back  or  on  one  place. 

A    Water  Telephone 

I  must  now  come  to  one  of  the  most  beautiful  appli- 
cations of  these  musical  jets  to  practical  purposes  which 
it  is  possible  to  imagine,  and  what  I  shall  now  show  are 
a  few  out  of  a  great  number  of  the  experiments  of  Mr. 
Chichester  Bell,  cousin  of  Mr.  Graham  Bell,  the  inventor 
of  the  telephone. 

To  begin  with  I  have  a  very  small  jet  of  water  forced 
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through  the  nozzle  at  a  great  pressure,  as  you  can  see 
if  I  point  it  towards  the  ceiling,  as  the  water  rises  eight 
or  ten  feet.  If  I  allow  this  stream  of  water  to  fall  upon 
an  india-rubber  sheet,  stretched  over  the  end  of  a  tube 
as  big  as  my  little  finger,  then  the  little  sheet  will  be 
depressed  by  the  water,  and  the  more  so  if  the  stream 
is  strong.  Now  if  I  hold  the  jet  close  to  the  sheet  the 
smooth  column  of  liquid  will  press  the  sheet  steadily, 
and  it  will  remain  quiet ;  but  if  I  gradually  take  the  jet 
further  away  from  the  sheet,  then  any  waists  that  may 
have  been  formed  in  the  liquid  column,  which  grow  as 
they  travel,  will  make  their  existence  perfectly  evident. 
When  a  wide  part  of  the  column  strikes  the  sheet  it  will 
be  depressed  rather  more  than  usual,  and  when  a  narrow 
part  follows,  the  depression  will  be  less.  In  other  words, 
any  very  slight  vibration  imparted  to  the  jet  will  be 
magnified  by  the  growth  of  waists,  and  the  sheet  of 
india-rubber  will  reproduce  the  vibration,  but  on  a  mag- 
nified scale.  Now  if  you  remember  that  sound  consists 
of  vibrations,  then  you  will  understand  that  a  jet  is  a 
machine  for  magnifying  sound.  To  show  that  this  is 
the  case  I  am  now  directing  the  jet  on  to  the  sheet,  and 
you  can  hear  nothing ;  but  I  shall  hold  a  piece  of  wood 
against  the  nozzle,  and  now,  if  on  the  whole  the  jet 
tends  to  break  up  at  any  one  rate  rather  than  at  any 
other,  or  if  the  wood  or  the  sheet  of  rubber  will  vibrate 
at  any  rate  most  easily,  then  the  first  few  vibrations 
which  correspond  to  this  rate  will  be  imparted  to  the 
wood,  which  will  impress  them  upon  the  nozzle  and  so 
upon  the  cylinder  of  liquid,  where  they  will  become 
magnified ;  the  result  is  that  the  jet  immediately  begins 
to  sing  of  its  own  accord,  giving  out  a  loud  note  (Fig.  47). 
I  will  now  remove  the  piece  of  wood.  On  placing 
against  the  nozzle  an  ordinary  lever  watch,  the  jolt 
which  is  imparted  to  the  case  at  every  tick,  though  it 
is  so  small  that  you  cannot  detect  it,  jolts  the  nozzle 
also,  and  thus  causes  a  neck  to  form  in  the  jet  of  water 
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which  will  grow  as  it  travels,  and  so  produce  a  loud  tick, 
audible  in  every  part  of  this  large  room  (Fig.  48).  Now 
I  want  you  to  notice  how  the  vibration  is  magnified 
by  the  action  I  have  described.  I  now  hold  the  nozzle 
close  to  the  rubber  sheet,  and  you  can  hear  nothing. 
As  I  gradually  raise  it  a  faint  echo  is  produced,  which 
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FIG.  47. 

gradually  gets  louder  and  louder,  until  at  last  it  is  more 
like  a  hammer  striking  an  anvil  than  the  tick  of  a  watch. 
I  shall  now  change  this  watch  for  another  which, 
thanks  to  a  friend,  I  am  able  to  use.  This  watch  is 
a  repeater,  that  is,  if  you  press  upon  a  knob  it  will  strike, 
first  the  hour,  then  the  quarters,  and  then  the  minutes. 
I  think  the  water-jet  will  enable  you  all  to  hear  what 
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time  it  is.  Listen !  one,  two,  three,  four ;  .  .  .  .  ting- 
tang,  ting-tang;  .  .  .  one,  two,  three,  four,  five,  six. 
Six  minutes  after  half-past  four.  You  notice  that  not 
only  did  you  hear  the  number  of  strokes,  but  the  jet 
faithfully  reproduced  the  musical  notes,  so  that  you 
could  distinguish  one  note  from  the  others. 


FIG.  48. 

I  can  in  the  same  way  make  the  jet  play  a  tune  by 
simply  making  the  nozzle  rest  against  a  long  stick, 
which  is  pressed  upon  a  musical-box.  The  musical- 
box  is  carefully  shut  up  in  a  double  box  of  thick  felt, 
and  you  can  hardly  hear  anything;  but  the  moment 
that  the  nozzle  is  made  to  rest  against  the  stick  and  the 
water  is  directed  upon  the  india-rubber  sheet,  the  sound 
of  the  box  is  loudly  heard,  I  hope,  in  every  part  of  the 
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room.  It  is  usual  to  describe  a  fountain  as  playing,  out 
it  is  now  evident  that  a  fountain  can  even  play  a  tune. 
There  is,  however,  one  peculiarity  which  is  perfectly 
evident.  The  jet  breaks  up  at  certain  rates  more  easily 
than  at  others,  or,  in  other  words,  it  will  respond  to 
certain  sounds  in  preference  to  others.  You  can  hear 
that  as  the  musical-box  plays,  certain  notes  are  empha- 
sized in  a  curious  way,  producing  much  the  same  effect 
that  follows  if  you  lay  a  penny  upon  the  upper  strings  of 
a  horizontal  piano. 


Soap-films  on  Frames 

Now,  on  returning  to  our  soap-bubbles,  you  may 
remember  that  I  stated  that  the  catenoid  and  the  plane 
were  the  only  figures  of  revolution  which  had  no  curva- 
ture, and  which  therefore  produced  no  pressure.  There 
are  plenty  of  other  surfaces  which  are  apparently  curved 
in  all  directions  and  yet  have  no  curvature,  and  which 
therefore  produce  no  pressure ;  but  these  are  not  figures 
of  revolution,  that  is,  they  cannot  be  obtained  by  simply 
spinning  a  curved  line  about  an  axis.  These  may  be 
produced  in  any  quantity  by  making  wire  frames  of 
various  shapes  and  dipping  them  in  soap  and  water. 
On  taking  them  out  a  wonderful  variety  of  surfaces  of 
no  curvature  will  be  seen.  One  such  surface  is  that 
known  as  the  screw-surface.  To  produce  this  it  is  only 
necessary  to  take  a  piece  of  wire  wound  a  few  times  in 
an  open  helix  (commonly  called  spiral),  and  to  bend  the 
two  ends  so  as  to  meet  a  second  wire  passing  down 
the  centre.  The  screw-surface  developed  by  dipping 
this  frame  in  soap-water  is  well  worth  seeing  (Fig.  49). 
It  is  impossible  to  give  any  idea  of  the  perfection  of  the 
form  in  a  figure,  but  fortunately  this  is  an  experiment 
which  any  one  can  easily  perform. 

It  may  be  worth  while  to  mention  a  curious  relation- 
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ship  between  the  screw  surface  and  the  catenoid  of 
revolution  (Figs.  49  and  28)  both  of  which  are  surfaces 
of  no  curvature,  which  therefore  may  be  realized  with 
a  soap-film.  You  know  that  a  flat  piece  of  paper  will 
bend  but  will  not  stretch,  and  thus  a  sheet  of  paper  may 
be  bent  into  the  form  of  a  cylinder  or  of  a  cone  without 
stretching  any  part  of  it.  It  cannot  be  bent  into  a 
sphere  or  part  of  a  sphere,  as  this  would  require  that  the 


FIG.  49. 

middle  parts  should  be  stretched  or  the  outer  parts  com- 
pressed, and  this  paper  resists.  Now  by  building  up 
on  a  turned  and  greased  model  of  the  catenoid  a  number 
of  strips  of  thin  paper  with  paste  so  as  to  overlap  and 
cross  one  another  and  so  make  a  catenoid  of  paper,  the 
curious  relationship  may  be  shown.  When  the  paste 
has  dried  cut  the  paper  through  with  a  knife  along  one 
radial  plane  so  as  to  get  it  off,  and  then,  holding  it  by 
the  two  cut  ends  of  the  waist,  pull  these  apart,  giving 
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them  a  twist  at  the  same  time,  and  then,  when  the  waist 
is  pulled  out  straight,  the  rest  of  the  paper  has  bent  itself 
without  stretching  at  any  part  into  a  perfect  screw  surface, 
a  double-bladed  screw  surface. 

If  a  wire  frame  is  made  in  the  shape  of  the 
edges  of  any  of  the  regular  geometrical  solids,  very 
beautiful  figures  will  be  found  upon  them  after  they  have 
been  dipped  in  soap-water.  In  the  case  of  the  triangular 


FIG.  50. 

prism  these  surfaces  are  all  flat,  and  at  the  edges  where 
these  planes  meet  one  another  there  are  always  three 
meeting  each  other  at  equal  angles  (Fig.  50)!  This, 
owing  to  the  fact  that  the  frame  is  three-sided,  is  not 
surprising.  After  looking  at  this  three-sided  frame  with 
three  films  meeting  down  the  central  line,  you  might  ex- 
pect that  with  a  four-sided  or  square  frame  there  would 
be  four  films  meeting  each  other  in  a  line  down  the 
middle.  But  it  is  a  curious  thing  that  it  does  not  matter 
how  irregular  the  frame  may  be,  or  how  complicated  a 
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mass  of  froth  may  be,  there  can  never  be  more  than 
three  films  meeting  in  an  edge,  or  more  than  four  edges, 
or  six  films,  meeting  in  a  point.  Moreover  the  films  and 
edges  can  only  meet  one  another  at  equal  angles.  If 
for  a  moment  by  any  accident  four  films  do  meet  in  the 
same  edge,  or  if  the  angles  are  not  exactly  equal,  then 
the  form,  whatever  it  may  be,  is  unstable ;  it  cannot  last, 
but  the  films  slide  over  one  another  and  never  rest  until 
they  have  settled  down  into  a  position  in  which  the  con- 


FIG.  51. 

ditions  of  stability  are  fulfilled.  As  a  consequence  a 
cubical  frame  gives  rise  to  the  pattern  shown  in  Fig.  51, 
in  which  the  central  square  may  be  parallel  to  any  one  of 
the  six  faces  of  the  cube,  and  the  twelve  other  films  so 
adjust  themselves  as  to  comply  with  the  rule  that  all  the 
angles  must  be  angles  of  120°.  The  general  rule  may  be 
illustrated  by  a  very  simple  experiment  which  you  can 
easily  try  at  home,  and  which  you  can  now  see  projected 
upon  the  screen.  There  are  two  pieces  of  window-glass 
about  half  an  inch  apart,  which  form  the  sides  of  a  sort 
of  box  into  which  some  soap  and  water  have  been  poured. 
On  blowing  through  a  pipe  which  is  immersed  in  the 
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water,  a  great  number  of  bubbles  are  formed  between 
the  plates.  If  the  bubbles  are  all  large  enough  to  reach 
across  from  one  plate  to  the  other,  you  will  at  once  see 
that  there  are  nowhere  more  than  three  films  meeting  one 
another,  and  where  they  meet  the  angles  are  all  equal. 
The  curvature  of  the  bubbles  makes  it  difficult  to  see  at 
first  that  the  angles  really  are  all  alike,  but  if  you  only  look 
at  a  very  short  piece  close  to  where  they  meet,  and  so 


avoid  being  bewildered  by  the  curvature,  you  will  see 
that  what  I  have  said  is  true.  You  will  also  see,  if  you 
are  quick,  that  when  the  bubbles  are  blown,  sometimes 
four  for  a  moment  do  meet,  but  that  then  the  films  at 
once  slide  over  one  another  and  settle  down  into  their 
only  possible  position  of  rest  (Fig.  52). 

Soap  -babbles  and  Ether 

The  air  inside  a  bubble  is  generally  under   pressure, 
which  is  produced  by  its  elasticity  and  curvature.     If  the 
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bubble  would  let  the  air  pass  through  it  from  one  side  to 
the  other  of  course  it  would  soon  shut  up,  as  it  did  when 
a  ring  was  hung  upon  one,  and  the  film  within  the  ring 
was  broken.  But  there  are  no  holes  in  a  bubble,  and  so 
you  would  expect  that  a  gas  like  air  could  not  pass 
through  to  the  other  side.  Nevertheless  it  is  a  fact  that 
gases  can  slowly  get  through  to  the  other  side,  and  in 
the  case  of  certain  vapours  the  process  is  far  more  rapid 
than  any  one  would  think  possible. 


FIG.  53. 

Ether  produces  a  vapour  which  is  very  heavy,  and 
which  also  burns  very  easily.  This  vapour  can  get  to 
the  other  side  of  a  bubble  almost  at  once.  It  does  so 
however  not  exactly  by  passing  through  it  but  by  con- 
densing on  one  side  and  evaporating  on  the  other.  I 
shall  pour  a  little  ether  upon  blotting-paper  in  this  bell 
jar,  and  fill  the  jar  with  its  heavy  vapour.  You  can  see 
that  the  jar  is  filled  with  something,  not  by  looking  at  it, 
for  it  appears  empty,  but  by  looking  at  its  shadow  orr  the 
screen.  Now  I  tilt  it  gently  to  one  side,  and  you  see 
something  pouring  out  of  it,  which  is  the  vapour  of  ether. 
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It  is  easy  to  show  that  this  is  heavy ;  it  is  only  necessary 
to  drop  into  the  jar  a  bubble,  and  so  soon  as  the  bubble 
meets  the  heavy  vapour  it  stops  falling  and  remains 
floating  upon  the  surface  as  a  cork  does  upon  water 
(Fig.  53).  Now  let  me  test  the  bubble  and  see  whether 
any  of  the  vapour  has  passe.d  to  the  inside.  I  pick  it  up 


FIG.  54. 

out  of  the  jar  with  a  wire  ring  and  carry  it  to  a  light,  and 
at  once  there  is  a  burst  of  flame.  But  this  is  not 
sufficient  to  show  that  the  ether  vapour  has  passed  to 
the  inside,  because  it  might  have  condensed  in  sufficient 
quantity  upon  the  bubble  to  make  it  inflammable.  You 
remember  that  when  I  poured  some  of  this  vapour 
upon  water  (see  p.  34),  sufficient  condensed  to  so 
weaken  the  water-skin  that  the  frame  of  wire  could  get 
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through  to  the  other  side.  However,  I  can  see  whether 
this  is  the  true  explanation  or  not  by  blowing  a  bubble 
on  a  wide  pipe,  and  holding  it  in  the  vapour  for  a 
moment.  Now  on  removing  it  you  notice  that  the  bubble 
hangs  like  a  heavy  drop  ;  it  has  lost  the  perfect  round- 
ness that  it  had  at  first,  and  this  looks  as  if  the  vapour 
had  found  its  way  in,  but  this  is  made  certain  by  bringing 
a  light  to  the  mouth  of  the  tube,  when  the  vapour,  forced 
out  by  the  elasticity  of  the  bubble,  catches  fire  and  burns 
with  a  flame  five  or  six  inches  long  (Fig.  54).  You 
might  also  have  noticed  that  when  the  bubble  was  re- 


FIG.  55. 

moved,  the  vapour  inside  it  began  to  pass  out  again  and 
fell  away  in  a  heavy  stream,  but  this  you  could  only  see 
by  looking  at  the  shadow  upon  the  screen. 


Experiments  with  Soap-bubbles 

You  may  have  noticed  when  I  made  the  drops  of  oil 
in  the  mixture  of  alcohol  and  water,  that  when  they 
were  brought  together  they  did  not  at  once  unite ;  they 
pressed  against  one  another  and  pushed  each  other 
away  if  allowed,  just  as  the  water-drops  did  in  the  foun- 
tain of  which  I  showed  you  a  photograph.  You  also 
may  have  noticed  that  the  drops  of  water  in  the  paraffin 
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mixture  bounced  against  one  another,  or  if  filled  with 
the  paraffin,  formed  bubbles  in  which  often  other  small 
drops,  both  of  water  and  paraffin,  remained  floating. 

In  all  these  cases  there  was  a  thin  film  of  something 
between  the  drops  which  they  were  unable  to  squeeze 
out,  namely,  water,  paraffin,  or  air,  as  the  case  might  be. 


FIG.  56. 

Will  two  soap-bubbles  also  when  knocked  together  be 
unable  to  squeeze  out  the  air  between  them  ?  This  you 
can  try  at  home  just  as  well  as  I  can  here,  but  I  will 
perform  the  experiment  at  once.  I  have  blown  a  pair  of 
bubbles,  and  now  when  I  hit  them  together  they  remain 
distinct  and  separate  (Fig.  55). 

I  shall  next  place  a  bubble  on  a  ring,  which  it  is  just 
too  large  to  get  through.     In  my  hand  I  hold  a  ring,  on 
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which  I  have  a  flat  film,  made  by  placing  a  bubble  upon 
it  and  breaking  it  on  one  side.  If  I  gently  press  the 
bubble  with  the  flat  film,  I  can  push  it  through  the  ring 
to  the  other  side  (Fig.  56),  and  yet  the  two  have  not 
really  touched  one  another  at  all.  The  bubble  can 
be  pushed  backwards  and  forwards  in  this  way  many 
times. 

I  have  now  blown  a  bubble  and  hung  it  below  a  ring. 
To  this  bubble  I  can  hang  another  ring  of  thin  wire, 
which  pulls  it  a  little  out  of  shape.  I  push  the  end  of 


FIG.  57. 


FIG.  58. 


the  pipe  inside,  and  blow  another  bubble  inside  the  first, 
and  let  it  go.  It  falls  gently  until  it  rests  upon  the  outer 
bubble ;  not  at  the  bottom,  because  the  heavy  ring  keeps 
that  part  out  of  reach,  but  along  a  circular  line  higher 
up  (Fig.  57).  I  can  now  drain  away  the  heavy  drops  of 
liquid  from  below  the  bubbles  with  a  pipe,  and  leave 
them  clean  and  smooth  all  over.  I  can  now  pull  the 
lower  ring  down,  squeezing  the  inner  bubble  into  a 
shape  like  an  egg  (Fig.  58),  or  swing  it  round  and  round, 
and  then  with  a  little  care  peel  away  the  ring  from  off 
the  bubble,  and  leave  them  both  perfectly  round  every 
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way  (Fig.  59).  I  can  draw  out  the  air  from  the  outer 
bubble  till  you  can  hardly  see  between  them,  and  then 
blow  in,  and  the  harder  I  blow,  the  more  is  it  evident 
that  the  two  bubbles  are  not  touching  at  all ;  the  inner 
one  is  now  spinning  round  and  round  in  the  very  centre 
of  the  large  bubble,  and  finally,  on  breaking  the  outer 
one  the  inner  floats  away,  none  the  worse  for  its  very 
unusual  treatment. 

There  is  a  pretty  variation  of  the  last  experiment, 
which,  however,  requires  that  a  little  green  dye  called 
fluorescine,  or  better,  uranine,  should  be  dissolved  in  a 
separate  dish  of  the  soap-water.  Then  you  can  blow  the 


FIG.  59. 

outer  bubble  with  clean  soap-water,  and  the  inner  one 
with  the  coloured  water.  Then  if  you  look  at  the  two 
bubbles  by  ordinary  light,  you  will  hardly  notice  any 
difference ;  but  if  you  allow  sunlight,  or  electric  light  from 
an  arc  lamp,  better  concentrated  by  the  aid  of  a  lens,  to 
shine  upon  them,  the  inner  one  will  appear  a  brilliant 
green,  while  the  outer  one  will  remain  clear  as  before. 
They  will  not  mix  at  all,  showing  that  though  the  inner 
one  is  apparently  resting  against  the  outer  one,  there  is 
in  reality  a  thin  cushion  of  air  between. 

Now  you  know  that  coal-gas  is  lighter  than  air,  and  so 
a  soap-bubble  blown  with  gas,  when  let  go,  floats  up  to 
the  ceiling  at  once.  I  shall  blow  a  bubble  on  a  ring  with 
coal-gas.  It  is  soon  evident  that  it  is  pulling  upwards. 
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I  shall  go  on  feeding  it  with  gas,  and  I  want  you 
to  notice  the  very  beautiful  shapes  that  it  takes. 
These  are  all  exactly  the  curves  that  a  water-drop 
assumes  when  hanging  from  a  pipe,  except  that  they  are 
the  other  way  up.  The  strength  of  the  skin  is  now 
barely  able  to  withstand  the  pull,  and  now  the  bubble 
breaks  away  just  as  the  drop  of  water  did. 

I  shall  next  place  a  bubble  blown  with  air  upon  a  ring, 
and  blow  inside  it  a  bubble  blown  with  a  mixture  of  air 
and  gas.  It  of  course  floats  up  and  rests  against  the  top 
of  the  outer  bubble  (Fig.  60).  Now  I  shall  let  a  little 
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gas  into  the  outer  one,  until  the  surrounding  gas  is  about 
as  heavy  as  the  inner  bubble.  It  now  no  longer  rests 
against  the  top,  but  floats  about  in  the  centre  of  the 
large  bubble  (Fig.  61),  just  as  the  drop  of  oil  did  in  the 
mixture  of  alcohol  and  water.  You  can  see  that  the 
inner  bubble  is  really  lighter  than  air,  because  if  I  break 
the  outer  one,  the  inner  one  rises  rapidly  to  the  ceiling. 

Instead  of  blowing  the  first  bubble  on  a  heavy  fixed 
ring,  I  shall  now  blow  one  on  a  light  ring,  made  of  very 
thin  wire.  This  bubble  contains  only  air.  If  I  blow 
inside  this  a  bubble  with  coal-gas,  then  the  gas-bubble 
will  try  and  rise,  and  will  press  against  the  top  of  the 
outer  one  with  such  force  as  to  make  it  carry  up  the  wire 
ring  and  a  yard  of  cotton,  and  some  paper  to  which  the 
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cotton  is  tied  (Fig.  62) ;  and  all  this  time,  though  it  is 
the  inner  one  only  which  tends  to  rise,  the  two  bubbles 
are  not  really  touching  one  another  at  all. 

A  further  variation  of  the  experiment  is  illustrated 
in  Fig.  63.  The  outer  bubble  is  blown  upon  a 
wire  ring  held  in  the  hand,  and  a  smaller 
gas  bubble  is  blown  within  it.  Then  with 
a  second  wire  ring  held  in  the  other  hand 
the  bubble  is  touched  so  as  to  avoid  the 
spot  where  the  inner  bubble  rests  against 
it,  and  then  the  outer  one  is  drawn  out 
into  a  cylindrical  tube.  The  inner  one 
may  then  be  rolled  up  and  down  in  the 
tube.  If  the  inner  one  is  nearly  as  large 
as  the  rings  it  is  easy  to  draw  out  the 
tube  so  as  to  imprison  the  inner  one  in 
the  lower  half,  and  then  let  it  up  when 
you  please.  If  the  air  space  between  is 
very  small  it  can  only  crawl  very  slowly, 
as  the  air  above  has  to  pass  through  this 
narrow  space  to  the  other  side  of  the 
inner  bubble  in  order  to  allow  it  to  rise. 

I  have  now  blown  an  air-bubble  on  the 
fixed  ring,  and  pushed  up  inside  it  a  wire 
with  a  ring  on  the  end.  I  shall  now  blow 
another  air-bubble  on  this  inner  ring. 
The  next  bubble  that  I  shall  blow  is 
one  containing  gas,  and  this  is  inside  the 
other  two,  and  when  let  go  it  rests  against 
the  top  of  the  second  bubble.  I  next 
FIG.  62.  make  the  second  bubble  a  little  lighter 
by  blowing  a  little  gas  into  it,  and  then 
make  the  outer  one  larger  with  air.  I  can  now  peel 
off  the  inner  ring  and  take  it  away,  leaving  the  two  inner 
bubbles  free,  inside  the  outer  one  (Fig.  64).  And  now 
the  multiple  reflections  of  the  brilliant  colours  of  the  dif- 
ferent bubbles  from  one  to  the  other,  set  off  by  the 
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beautiful  forms  which  the  bubbles  themselves  assume, 
give  to  the  whole  a  degree  of  symmetry  and  splendour 
which  you  may  go  far  to  see  equalled  in  any  other  way. 
I  have  only  to  blow  a  fourth  bubble  in  real  contact  with 
the  outer  bubble  and  the  ring,  to  enable  it  to  peel  off 
and  float  away  with  the  other  two  inside. 

We  have  seen  that  bubbles  and  drops  behave  in  very 
much  the  same  way.   Let  us  see  if  electricity  will  produce 


FIG.  63. 


the  same  effect  that  it  did  on  drops.  You  remember  that 
a  piece  of  electrified  sealing-wax  prevented  a  fountain  of 
water  from  scattering,  because  where  two  drops  met, 
instead  of  bouncing,  they  joined  together.  Now  there 
are  on  these  rtwo  rings  bubbles  which  are  just  resting 
against  one  another,  but  not  really  touching  (Fig.  65). 
The  instant  that  I  take  out  the  sealing-wax  you  see  they 
join  together  and  become  one  (Fig.  66).  Two  soap- 
bubbles,  therefore,  enable  us  to  detect  electricity,  even 
when  present  in  minute  quantity,  just  as  two  water 
fountains  did. 

We  can  use  a  pair  of  bubbles  to  prove  the  truth  of  one 
of  the  well-known  actions  of  electricity.  Inside  an  elec- 
trical conductor  it  is  impossible  to  feel  any  influence  of 
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electricity  outside,  however  much  there  may  be,  or  how- 
ever near  you  go  to  the  surface.  Let  us,  therefore,  take 
the  two  bubbles  shown  in  Fig.  57,  and  bring  an  electri- 
fied stick  of  sealing-wax  near.  The  outer  bubble  is  a 


FIG.  64. 

conductor  ;  there  is,  therefore,  no  electrical  action  inside, 
and  this  you  can  see  because,  though  the  sealing-wax  is 
so  near  the  bubble  that  it  pulls  it  all  to  one  side,  and 


FIG.  65. 

though  the  inner  one  is  so  close  to  the  outer  one  that 
you  cannot  see  between  them,  yet  the  two  bubbles 
remain  separate.  Had  there  been  the  slightest  electrical 
influence  inside,  even  to  a  depth  of  a  hundred-thousandth 
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of  an  inch,  the  two  bubbles  would  have  instantly  come 
together. 

There  is  one  more  experiment  which  is  a  combination 
of  the  last  two,  and  it  beautifully  shows  the  difference 
between  an  inside  and  an  outside  bubble.  I  have  now  a 
plain  bubble  resting  against  the  side  of  the  pair  that  I  have 
just  been  using.  The  instant  that  I  take  out  the  sealing- 
wax  the  two  outer  bubbles  join,  while  the  inner  one  un- 


FIG. 


harmed  and  the  heavy  ring  slide  down  to  the  bottom  of 
the  now  single  outer  bubble  (Fig.  67). 


The  Soap-bubble 

It  can  only  be  our  familiarity  with  soap-bubbles  from 
our  earliest  recollections,  causing  us  to  accept  their 
existence  as  a  matter  of  course,  that  prevents  most  of  us 
from  being  seriously  puzzled  as  to  why  they  can  be  blown 
at  all.  And  yet  it  is  far  more  difficult  to  realize  that  such 
things  ought  to  be  possible  than  it  is  to  understand  any- 
thing that  I  have  put  before  you  as  to  their  actions  or 
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their  form.  In  the  first  place,  when  people  realize 
that  the  surface  of  a  liquid  is  tense,  that  it  acts 
like  a  stretched  skin,  they  may  naturally  think  that  a 
soap-bubble  can  be  blown  because  in  the  case  of  soap- 
solution  the  "  skin  "  is  very  strong.  Now  the  fact  is  just 
the  opposite.  Pure  water,  with  which  a  bubble  cannot  be 
blown  in  air  and  which  will  not  even  froth,  has  a  "  skin  " 


FIG.  67. 

or  surface  tension  three  times  as  strong  as  soap-solution,  as 
tested  in  the  usual  ways,  e.  g.  by  the  rise  in  a  capillary 
tube.  Even  with  a  minute  amount  of  soap  present  the 
surface  tension  falls  off  from  about  3  J-  grains  to  the  linear 
inch  to  ij  grains,  as  calculated  from  experiments  with 
bubbles  by  Plateau.  The  liquid  rises  but  little  more 
than  orie-third  of  the  height  in  a  capillary  tube.  The 
soap-film  has  two  surfaces  each  with  a  strength  or  ij 
grains  to  the  inch  and  so  pulls  with  a  strength  of  2  J 
grains  to  the  inch.  Many  liquids  will  froth  that  will  not 
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blow  bubbles.  Lord  Rayleigh  has  shown  that  a  pure  liquid 
will  not  froth  though  a  mixture  of  two  pure  liquids,  e.g. 
water  and  alcohol,  will.  Whatever  the  property  is  which 
enables  a  liquid  to  froth  must  be  well  developed  for  it  to 
allow  bubbles  to  be  blown.  I  have  repeatedly  spoken  of 
the  tension  of  a  soap-film  as  if  it  were  constant,  and  so  it  is 
very  nearly,  and  yet,  as  Prof.  Willard  Gibbs  pointed 
out,  it  cannot  be  exactly  so.  For,  consider  any  large 
bubble  or,  for  convenience,  a  plane  vertical  film  stretched 
in  a  wire  ring.  If  the  tension  of  two  grains  and  a  half  to 
the  inch  were  really  identically  the  same  in  all  parts,  the 
middle  parts  of  the  film  being  pulled  upwards  and  down- 
wards to  an  equal  extent  by  the  rest  of  the  film  above 
and  below  it  would  in  effect  not  be  pulled  by  them  at  all 
and  like  other  unsupported  things  would  fall,  starting 
like  a  stone  with  the  acceleration  due  to  gravity.  Now 
the  middle  part  of  such  a  film  does  nothing  of  the  kind. 
It  appears  to  be  at  rest,  and  if  there  is  any  downward 
movement  it  is  too  slow  to  be  noticed.  The  upper  part 
therefore  of  the  film  must  be  more  tightly  stretched  than 
the  lower  part,  the  difference  being  the  weight  of  the 
intervening  film.  If  the  ring  is  turned  over  to  invert 
the  film  then  the  conditions  are  reversed,  and  yet  the 
middle  part  does  not  fall.  The  bubble  therefore  has  the 
remarkable  property  within  small  limits  of  adjusting  its 
tension  to  the  load.  Willard  Gibbs  put  forward  the 
view  that  this  was  due  to  the  surface  material  not  being 
identical  with  the  liquid  within  the  thickness  of  the  film. 
That  the  surface  was  contaminated  by  material  which 
lowered  its  surface  tension  and  which  by  stretching  of 
the  film  became  diluted,  making  the  film  stronger,  or  by 
contraction  became  concentrated,  making  the  film  weaker. 
His  own  words  are  so  apt  and  so  much  better  than  mine 
that  I  shall  quote  from  his  Thermodynamics ;  p.  313  : 
"  For,  in  a  thick  film  (as  contrasted  with  a  black  film), 
the  increase  of  tension  with  the  extension,  which  is 
necessary  for  its  stability  with  respect  to  extension,  is 
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connected  with  an  excess  of  the  soap  (or  of  some  of  its 
components)  at  the  surface  as  compared  with  the  interior 
of  the  film." 

This  is  analagous  to  the  effect  of  oil  on  water  described 
on  p.  37.  Lord  Rayleigh  has  by  a  beautiful  experiment 
supported  the  contamination  theory,  for  he  measured  the 
surface  tension  of  the  surface  of  a  soap-solution  within 
the  first  hundreth  of  a  second  of  its  existence.  He  then 
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FIG.  68. 


found  it  to  be  the  same  as  that  of  water,  for  the  surface 
contamination  had  no  time  to  form.  He  allowed  the 
liquid  to  issue  from  a  small  elliptical  hole  in  a  thin  plate 
covering  the  end  of  a  tube  which  came  from  a  reservoir 
of  the  solution.  When  liquid  issues  from  such  a  hole  as 
at  a,  Fig.  68,  the  cross  section  of  the  stream  being  elliptical, 
as  shown  below,  tends  in  virtue  of  the  surface  tension  to 
become  circular,  but  when  it  gets  circular  the  movement 
already  set  up  in  the  section  cannot  be  suddenly  arrested 
and  so  the  liquid  continues  its  movement  until  it  is 
elliptical  in  the  other  direction  as  at  b,  and  this  process 
is  continued  at  a  definite  rate  depending  upon  the  surface 
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tension  and  density  of  the  liquid  and  size  of  the  jet.  At 
the  same  time  the  liquid  is  issuing  at  a  definite  rate 
depending  on  the  depth  of  the  orifice  below  the  free 
surface,  and  so  when  the  conditions  are  well  chosen  the 
liquid  travels  from  a  to  c  while  the  ellipse  goes  through 
its  complete  evolution,  and  this  is  repeated  several  times. 
Now  if  the  surface  tension  were  less  the  evolution  would 
take  longer  and  the  distance  between  the  nodes  a  c  e  g 
would  be  greater.  With  the  same  liquid  head  the  distance 
between  the  nodes  is  the  same  with  pure  water  and  with 
soap-solution,  showing  that  their  surface  tensions  at  first 
are  the  same,  but  with  alcohol,  which  has  its  own  surface 
tension  from  the  beginning,  the  distance  between  the 
nodes  is  greater,  as  the  surface  tension  is  lower  in  a 
higher  proportion  than  that  in  which  the  density  is  lower. 
Professor  Donnan  has  quite  recently  shown  by  direct  ex- 
periment of  surpassing  delicacy,  that  there  is  a  surface 
concentration  of  the  kind  and  amount  required  by 
Gibbs's  theory. 

The  following  experiment  also  indicates  the  existence 
of  a  surface  concentration.  If  a  soap-bubble  is  blown  on 
a  horizontal  ring  so  that  the  diameter  of  the  ring  is  very 
little  less  than  that  of  the  bubble,  and  the  wetted  stopper 
from  a  bottle  of  ammonia  is  brought  close  to  the  upper 
side  of  the  bubble,  it  will  immediately  shrink  away  from 
the  stopper  and  slip  through  the  ring  as  though  annoyed 
by  the  smell  of  the  ammonia.  Or,  if  below,  it  will  retire 
to  the  upper  side  of  the  ring  if  the  stopper  is  held  below 
it.  What  really  happens  is  that  the  ammonia  combines 
with  some  of  the  constituents  of  the  soap  which  are 
concentrated  on  the  surface,  and  so  raises  the  tension 
of  the  film  on  one  side  of  the  ring;  it  therefore  con- 
tracts and  blows  out  the  film  on  the  other  side  which 
has  not  yet  been  influenced  by  the  ammonia.  That 
part  of  the  film  influenced  by  the  ammonia  also  becomes 
thicker  and  the  rest  thinner,  as  shown  by  the  colours, 
which  are  then  far  more  brilliant  and  variegated. 
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Going  back  now  to  the  soap-film  we  see  then  that  what- 
ever its  shape  the  upper  parts  are  somewhat  more  tightly 
stretched  than  the  lower  parts,  and  in  the  case  of  a 
vertical  film  the  difference  is  equal  to  that  which  will 
support  the  intervening  film.  There  is,  however,  a  limit 
beyond  which  this  process  will  not  go ;  there  is  a  limit 
to  the  size  of  a  soap-bubble.  I  do  not  know  what  this 
is.  I  have  blown  spherical  bubbles  up  to  two  feet  in 
diameter,  and  others  no  doubt  have  blown  bubbles  larger 
still.  I  have  also  taken  a  piece  of  thin  string  ten  feet  long 
and  tied  it  into  a  loop  after  wetting  it  with  soap  solution 
and  letting  it  untwist.  Holding  a  finger  of  each  hand  in 
the  loop  and  immersing  it  in  soap-solution  I  have  drawn 
it  out  and  pulled  it  tight,  forming  a  film  in  this  way  five 
feet  long.  On  holding  the  loop  vertical  the  film  remained 
unbroken,  showing  that  five  feet  is  less  than  the  limit 
with  even  a  moderately  thick  bubble.  With  a  thin 
bubble  the  limit  should  be  greater  still.  Judging  by 
the  colour  and  by  using  the  information  given  on  the 
coloured  plate  which  is  explained  in  a  subsequent  chapter, 
the  average  thickness  of  the  film  must  have  been  about 
thirty  millionths  of  an  inch  and  its  weight  about 
T(fo77  OI" a  gra-in  Per  square  inch.  Taking  a  film  an  inch 
wide,  the  five  feet  or  sixty  inches  would  weigh  close  upon 
half  a  grain,  that  is  about  one-fifth  of  the  total  load  that 
the  film  can  carry,  showing  at  least  a  20  %  capacity  in 
the  soap-film  for  adjusting  its  strength  to  necessity,  which 
is  far  more  than  could  have  been  expected. 

I  have  also  found  that  with  the  application  of  increased 
forces  the  bubble  rapidly  thins  to  a  straw  colour  or  white, 
so  that  the  20  %  increase  of  load  is  riot  exceeded,  but  a 
film  of  this  colour  might  be  thirty-three  feet  high,  or  a 
black  film  ten  times  as  much. 

The  feeble  tension  of  2  J  grains  to  the  inch  in  a  soap- 
film  is  quite  enough  in  the  case  of  the  five-foot  loop  to 
make  it  require  some  exertion  to  keep  it  pulled  so  that 
the  two  threads  are  not  much  nearer  in  the  middle  than 
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at  the  ends.  In  fact,  this  experiment  provides  the  means 
by  which  the  feeble  tension  of  2|  grains  to  the  inch  may 
be  measured  by  means  of  a  seven-pound  weight.  If  for 
instance  the  threads  are  seventy  inches  long,  equidistant  at 
their  ends,  and  are  -^  inch  nearer  in  the  middle  than  at 
their  ends  when  placed  horizontally  and  stretched  with 
seven-pound  weights,  then  the  tension  of  the  film  works 
out  at  2  J  grains  to  the  inch  exactly.  This  is  obtained  as 
follows  :  The  diameter  of  the  circle  of  which  the  curved 
thread  is  a  part  is  equal  to  half  the  length  of  the  thread 
multiplied  by  itself  and  divided  by  the  deviation  of  its 
middle  point.  The  diameter  of  the  circle  then  is 
35  x  35  *  32  inches.  The  tension  of  the  thread,  made 
equal  to  7  Ibs.  or  7  x  7000  grains,  is  equal  to  the  tension  of 
the  film  in  grains  per  inch  multiplied  by  half  the  diameter 
of  the  circle  of  curvature  of  the  thread.  In  other  words  the 
tension  of  the  film  in  grains  per  inch  is  equal  to  the  tension 
of  the  thread  divided  by  half  the  diameter  of  the  circle  of 
curvature  of  the  thread.  The  film  tension  then  is  equal 

to  — 7  x  7000      grains  per  incn.     The  fraction  cancels 

35  x  35  X  16  fa 

at  once  to  2\  grains  per  inch.  As  the  upper  parts  of  a 
vertical  film  are  stretched  more  tightly  than  the  lower 
parts,  the  pair  of  threads  will  be  drawn  together  in  the 
middle,  rather  more  than  ^  inch,  as  the  pair  of  threads 
are  gradually  tilted  from  the  horizontal  towards  a  vertical 
position,  and  then  as  the  film  drains  into  the  threads  and 
becomes  lighter  the  threads  will  separate  slightly. 

Large  bubbles  are  short-lived  not  only  because,  if  it 
were  a  matter  of  chance,  a  bubble  a  foot  in  diameter  with 
a  surface  thirty-six  times  as  great  as  that  of  one  two  inches 
in  diameter  would  be  thirty-six  times  as  likely  to  break  if  all 
the  film  were  equally  tender,  but  because  the  upper  parts 
being  in  a  state  of  greater  tension  have  less  margin  of  safety 
than  the  lower  parts.  These  large  bubbles  however  by 
no  means  necessarily  break  at  the  top.  When  a  large, 
free-floating  bubble  is  seen  in  bright  sunlight  on  a  dark 
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background  it  is  almost  possible  to  follow  the  process  of 
breaking.  What  is  really  seen,  however,  is  a  shower  of 
spray  moving  in  the  opposite  direction  to  that  in  which 
the  hole  is  first  made,  while  the  air  which  cannot  be  seen 
blows  out  in  the  opposite  direction  to  that  of  the  spray. 
By  the  time  it  is  done,  and  it  does  not  take  long,  the 
momentum  given  to  the  moving  drops  in  one  direction 
and  to  the  moving  air  in  the  opposite  direction  are  equal 
to  one  another,  but  as  the  air  weighs  far  more  than  the 
water  the  spray  is  thrown  the  more  rapidly. 

The  breaking  of  a  bubble  is  itself  an  interesting  study. 
Dupre'e  long  ago  showed  that  the  whole  of  the  work  done 
in  extending  a  bubble  is  to  be  found  in  the  velocity  given 
to  the  spray  as  it  breaks,  and  thence  he  deduced  a  speed 
of  breaking  of  105  feet  a  second  or  seventy-two  miles  an 
hour  for  a  thin  bubble,  and  Lord  Rayleigh  for  a  thicker 
bubble  found  a  speed  of  forty-eight  feet  a  second  or  thirty- 
three  miles  an  hour.  The  speed  of  breaking  of  a  soap- 
bubble  is  curious  in  that  it  does  not  get  up  speed  and 
keep  going  faster  all  the  time,  as  most  mechanical  things 
do,  it  starts  full  speed  at  once,  and  its  speed  only  changes 
in  accordance  with  its  thickness,  the  thick  parts  breaking 
more  slowly.  It  may  be  worth  while  to  show  how  the 
speed  is  arrived  at  theoretically.  Take  in  imagination  a 
film  between  two  parallel  and  wetted  wires  an  inch  apart 
and  extend  it  by  drawing  a  wetted  edge  of  card,  india- 
rubber  or  celluloid  along  the  wires.  Then  the  work 
done  in  extending  it  for  a  foot,  say,  not  counting  of 
course  the  friction  of  the  moving  edge,  is  with  a  tension 
of  2  J  grains  to  the  inch  equal  to  2\  X  1 2  inch-grains,  or  if  it 
is  extended  a  yard  to  2jx  36  inch-grains.  Let  us  pull  it 
out  to  such  a  length  that  the  weight  of  the  film  drawn 
out  is  itself  equal  to  2j  grains,  that  is  to  the  weight  its 
own  tension  will  just  carry.  By  way  of  example  let  us 
consider  a  film  not  very  thick  or  very  thin,  but  of  the 
well-defined  apple-green  colour.  This,  according  to  the 
coloured  plate  is  just  under  twenty  millionths  of  an  inch 
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thick,  and  it  weighs  y^6^  or  -g-J^  of  a  grain  to  the  square 
inch.  The  length  of  this  film  one  inch  wide  that  will 
weigh  2 1  grains  is  therefore  500  inches  or  forty-two  feet 
nearly.  The  work  done  in  stretching  a  film  of  this  area 
is  2jx  500  inch-grains.  The  work  contained  in  the  flying 
spray  must  also  be  2jx  500  inch-grains.  Now  the  work 
contained  in  a  thing  moving  at  any  speed  is  the  same  as 
that  which  would  be  needed  to  lift  it  to  such  a  height 
that  it  would  if  falling  without  obstruction  acquire  that 
speed.  The  work  done  in  lifting  the  2  \  grains  through 
500  inches  is  exactly  the  same  as  that  done  in  pulling 
out  the  film  500  inches  horizontally  against  its  own 
tension,  as  the  force  and  the  distance  are  the  same  in 
both  cases.  The  velocity  of  the  spray,  and  therefore  of 
the  edge  from  which  it  is  scattered  is  the  same  as  that  of 
a  stone  falling  through  a  distance  equal  to  the  length  of 
the  film,  the  weight  of  which  is  equal  to  the  tension  at 
its  end.  Completing  the  figures  a  stone  in  this  latitude 
falling  forty-two  feet  acquires  a  velocity  of  fifty- two  feet  a 
second,  which  therefore  is  the  speed  of  the  breaking  edge 
of  the  film.  I  conclude  therefore,  as  the  speed  found  in 
this  example  is  intermediate  between  those  found  by 
Dupree  and  Lord  Rayleigh,  that  I  have  chosen  a  film 
intermediate  in  thickness  between  those  chosen  by  these 
philosophers.  I  would  only  add  that  a  bubble  has  to  be 
reduced  to  one  quarter  of  its  thickness  to  make  it  break 
twice  as  fast,  then  the  corresponding  length  will  be  four 
times  as  great,  and  it  requires  a  fall  from  four  times  the 
height  to  acquire  twice  the  speed.  A  black  film  is  about 
one  thirty-sixth  of  the  thickness  of  the  apple-green  film, 
it  should  therefore  break  six  times  as  fast  or  312  feet  a 
second,  or  212  miles  an  hour.  The  extra  black  film  of 
half  the  thickness  should  break  at  the  enormous  speed  of 
300  miles  an  hour.  These  speeds  would  hardly  be 
realized  in  practice  as  the  viscosity  of  the  liquid  would 
reduce  them. 

Lord  Rayleigh  photographed  a  breaking  soap-film  by 
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placing  a  ring  on  which  it  was  stretched  in  an  inclined 
position,  and  then  dropping  through  it  a  shot  wet  with 
alcohol,  and  about  a  thousandth  of  a  second  later 
photographing  it.  For  this  purpose  he  arranged  two 
electro  magnets,  one  to  drop  the  wet  shot  and  the  other 
to  drop  another  shot  at  the  same  instant.  The  second 
shot  was  allowed  a  slightly  longer  fall,  so  as  to  take  a 
thousandth  of  a  second,  or  whatever  interval  he  wanted, 
longer  than  the  first;  it  then  by  passing  between  two  knobs 
in  the  circuit  of  a  charged  Leyden  jar  let  this  off,  and  the 
electric  spark  provided  the  light  and  the  sufficiently  short 
exposure  to  give  a  good  and  sharp  photograph.  The 
sharp  retreating  edge  is  seen  with  minute  droplets  either 
just  detached  or  leaving  the  film.  Following  Lord 
Rayleigh  I  photographed  a  breaking  film  by  piercing  it 
with  a  minute  electric  spark  between  two  needles,  one 
on  either  side  of  the  film,  and  by  means  of  a  piano-wire 
spring  like  a  mousetrap  determining  the  existence  of  this 
spark,  and  then  a  ten-thousandth  of  a  second  or  more 
later  letting  off  the  spark  by  the  light  of  which  it  was 
taken.  My  electrical  arrangements  were  akin  to  those 
by  which  I  photographed  bullets  in  their  flight  in  one 
thirteenth-millionth  of  a  second,  but  my  optical  arrange- 
ments were  similar  to  Lord  Rayleigh's.  One  photograph 
of  a  vertical  film  which  had  become  a  great  deal  thinner 
in  its  upper  part,  is  interesting  as  whereas  all  the  lower 
part  has  a  circular  outline,  the  upper  part  breaks  into  a 
bay  showing  the  speed  of  breaking  upwards  in  the  thin 
film  to  be  much  greater.  In  all  the  photographs  the 
needle  spark  appears  by  its  own  light,  so  the  point  at 
which  the  break  occurs  is  seen  as  well  as  the  circular 
retreating  edge. 
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Bubbles  other  than  Soap-bubbles 

While  a  solution  of  soap  in  soft  water  or  water  and 
glycerine  is  the  most  perfect  material  known  for  blowing 
bubbles,  perfect  by  reason  both  of  the  ease  with  which 
it  may  be  obtained  and  of  its  transparency  and  fluidity, 
yet  some  other  materials  allow  of  bubbles  being  blown. 
The  best-known  of  these  is  melted  resin  to  which  should 
be  added  a  small  proportion,  say  one-tenth  or  one- 
twentieth,  of  beeswax  or  of  gutta-percha  or  a  smaller 
proportion  of  linseed  oil.  Whatever  the  mixture  is  it 
should  be  melted  and  well  mixed  and  then  bubbles  may 
be  blown.  I  have  blown  these  with  coal  gas  which  then 
rise  and  remain  adherent  to  the  ceiling,  but  in  a  day  or 
so  they  generally  go  to  powder,  and  in  any  case  they 
make  too  much  mess  to  be  tolerable  in  a  living-room. 
Plateau,  using  a  mixture  of  five  parts  of  colophane  and 
one  of  gutta-percha  melted  together  at  300°  R,  obtained 
more  permanent  results.  He  was  able  to  dip  the  wire 
frames  described  on  p.  90  in  such  a  mixture,  even  a  cube 
as  much  as  two  inches  in  the  side,  and  keep  the  exquisite 
film  structure  developed  within  on  removal  for  two  years. 

Surprising  and  ludicrous  bubbles  may  be  blown  with  a 
solution  of  saponine.  Saponine  may  be  bought  as  a 
white  powder  and  very  little  dissolved  in  water  will  give 
the  required  mixture.  A  sufficiently  good  solution  may 
be  obtained  by  cutting  up  horse  chestnuts  in  thin  slices 
and  soaking  them  in  very  little  water.  The  slightly 
yellow  liquid,  which  contains  other  things  as  well,  contains 
enough  saponine  to  enable  bubbles  up  to  three  or  four 
inches  in  diameter  to  be  blown.  With  either  of  these 
solutions  moderate-sized  bubbles  may  be  blown,  but  it  is 
well  to  have  a  pipe  with  the  air-way  very  much  con- 
stricted so  that  the  blowing  shall  not  be  too  rapid. 
These  bubbles  when  being  blown  or  when  contracting 
slowly  under  their  own  tension  and  blowing  air  back 
ii 
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through  the  pipe  show  nothing  out  of  the  common. 
They  seem  weak  and  tender,  that  is  all.  But,  having  a 
bubble  an  inch  or  more  in  diameter,  suck  a  little  air  out 
through  the  pipe  when  at  once  a  marked  peculiarity  is 


noticeable.  The  bubble  cannot  contract  and  follow  the 
air  as  a  soap-bubble  does,  but  forms  a  wrinkled  bag 
(Fig.  69)  which  if  left  will  slowly  regain  its  spherical  form, 
or  which  will  do  so  at  once  under  compulsion  if  air  is 
blown  in  again.  This  may  be  repeated  many  times  and 
the  result,  especially  when  magnified  and  projected  on  a 
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screen,  is  quite  ludicrous.  If  sufficient  air  is  drawn  out 
the  puckered  bag  becomes  sharp  pointed  and  yet  it  blows 
out  into  the  spherical  form  again.  The  peculiarity  of  a 
saponine  solution  is  the  rigidity  of  its  surface  while  its 
interior  is  fluid.  Plateau  made  an  elaborate  investigation 
of  this  property  of  some  fluids  which  is  more  marked  in 
saponine  than  in  any  other.  Saponine-bubbles  are  so 
flimsy  and  tender  compared  with  soap-bubbles  that  the 
idea  may  be  formed  that  the  tension  is  less.  The 
opposite  is  really  the  case. 

Lord  Rayleigh  has  found  that  if  two  equal  bubbles,  one 
of  soap  and  one  of  saponine,  are  blown  on  two  pipes  and 
the  two  pipes  are  connected  together,  then  the  saponine- 
bubble  contracts  and  blows  air  into  the  soap-bubble,  show- 
ing the  tension  of  the  saponine-bubble  to  be  the  greater. 
He  found  that  the  soap-bubble  had  to  be  reduced  to 
about  two-thirds  of  the  diameter  of  the  saponine-bubble 
for  the  balance  which,  as  we  have  seen,  is  an  unstable 
one  to  be  obtained,  showing  the  tension  of  the  soap-film 
to  be  about  two-thirds  of  that  blown  with  saponine.  I 
have  found  that  the  saponine-solution  is  quite  admirable 
in  the  froth  apparatus  (Fig.  52).  For  this  purpose  a 
solution  of  saponine  in  1000  times  its  weight  of  water 
does  very  well.  On  making  the  froth  the  same  structure 
is  seen  as  with  a  soap-froth,  but  within  the  first  few 
seconds  a  marked  difference  appears  especially  if  a  good 
magnifying  lens  be  used.  Every  rectangular  element  of 
film  is  seen  to  contain  a  colour  pattern  parallel  to  its 
periphery  showing  even  better  than  soap  the  action  of 
the  suction  described  by  Willard  Gibbs  (see  p.  162).  As 
the  films  are  so  rigid  light  patches  of  colour  are  unable 
to  move  upwards  through  them  but  remain  where  formed, 
giving  rise  to  the  rectangular  patterns.  Then,  when  a 
film  joining  others  breaks,  it  leaves  its  mark  behind  in  the 
remaining  film  which  thus  carries  its  history  written  in 
white  areas  and  coloured  patterns,  as  the  transverse  ridges 
on  a  person's  teeth  tell  the  history  of  early  disturbances 
H  2 
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in  nutrition.  Then  when  a  film  breaks,  especially  if  a 
longish  piece,  the  process  can  be  watched,  and  the  jerky 
retreat  of  the  edge  can  be  followed  by  the  eye  in  marked 
contrast  to  the  great  speed  of  rupture  of  the  highly  liquid 
soap-solution. 

The  addition  of  glycerine  to  the  saponine-solution 
up  to  half  the  original  volume,  while  leaving  the  forma- 
tion of  concentric  colour  patterns  much  the  same  as  with 
the  simple  solution  in  water,  makes  all  the  movements  still 
more  slow,  and  the  crawling  of  the  films  to  new  positions 
of  equilibrium  after  one  is  broken  or  the  retreat  of  a  broken 
edge  are  now  so  sluggish  that  they  may  be  watched 
by  the  naked  eye.  A  single  drop  of  soap  solution  in 
an  ounce  of  saponine-solution  completely  destroys  the 
peculiar  property  of  saponine  which  prevents  the  film 
from  contracting  quickly.  With  another  drop  or  two  the 
solution  behaves  as  a  soap-solution  and  the  film  is  freely 
fluid.  Saponine  present  even  in  very  small  quantity 
will  make  water  froth  ;  one  part  in  100,000  is  evident. 
Saponine  powder  is  very  light  and  may  easily  be  inhaled 
accidentally,  it  is  then  most  unpleasant,  producing  an 
irritation  of  the  nose  and  throat.  The  smell  and  taste 
are  unpleasant.  Its  property  of  making  a  persistent  and 
clammy  froth  is  useful  in  making  up  artificial  drinks  for 
people  who  are  afraid  of  wine  or  beer. 

Bubbles  of  pure  mercury  in  water  have  already  been 
described,  p.  67.  These  should  be  referred  to  here  as 
an  example  of  a  beautiful  bubble  not  made  of  soap- 
solution. 

Bubbles  may  of  course  be  blown  with  melted  glass 
and  melted  quartz,  the  latter  at  a  temperature  at  which 
steel  and  fireclay  are  fluid  as  water,  but  the  possibility  of 
blowing  such  bubbles  of  fairly  uniform  thickness  depends 
on  quite  a  different  property  from  that  described  by 
Willard  Gibbs,  p.  105,  and  it  is  free  from  the  surface 
viscosity  of  saponine.  The  reason  that  glass  may  be 
blown  into  such  perfect  forms  is  that  it  is  viscous  as 
treacle  is  viscous  and  it  is  more  viscous  as  it  gets  cooler. 
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Now  in  blowing  glass  the  thinner  parts  cool  most  quickly 
and  become  most  viscous,  and  so  the  more  fluid,  thicker 
parts  continue  to  get  thinner  while  the  thinner  parts  resist 
and  this  tends  towards  uniformity.  Actually  the  skilled 
glassblower  accentuates  this  property  of  glass  by  turning 
it  round,  first  with  a  view  to  keep  it  all  at  one  tempera- 
ture, and  then,  when  any  part  shows  a  disposition  to  get 
extended  too  much  he  turns  this  round  so  as  to  be  at  the 
lowest  position  when  the  rising  current  of  air,  which  any 
hot  object  induces,  strikes  upon  this  part  and  cools  it 
and  prevents  its  further  stretching.  The  glassblower  by 
exercising  his  skill  in  blowing,  waiting,  turning  and 
watching  the  glass  and  sometimes  'even  using  a  fan, 
makes  it  obedient  to  his  wishes  and  the  process  most 
fascinating  to  watch.  Glass  blown  violently  and  unskill- 
fully  makes  large,  irregular-shaped  bulbs  which  may 
easily  become  so  thin  as  to  show  the  colours  of  the  soap- 
bubble.  Very  small  beads  of  hot  glass  at  the  end  of  a 
narrow  tube  show  this  best.  I  believe  that  resin-bubbles 
can  be  blown  for  the  same  reason  that  glass  and  fused 
quartz  can,  because  the  thinner  places  are  cooler  and  more 
viscous,rather  than  that  there  is  any  stability  due  to  surface 
concentration  of  some  constituent  as  in  a  soap-bubble. 

White  of  egg  and  water  stirred  together  froth  well,  but 
allow  of  bubbles  being  blown  to  a  very  limited  extent. 
White  of  egg  and  gelatine  or  glue,  which  acts  much  in 
the  same  way,  go  bad  on  keeping.  A  minute  trace  of 
either  however  in  water  is  valuable,  as  a  glass  plate 
wetted  with  this  and  left  to  dry  will  allow  drawings, 
etc.,  to  be  made  upon  it  in  ink  without  running  of  the 
ink,  and  this  is  useful  for  extemporized  lantern  slides. 

Permanent  films  so  perfect  as  to  show  all  the  colours 
of  soap-bubbles,  and  so  thin  as  to  show  the  thinnest 
white  and  even  the  black,  may  be  made  by  dropping 
celluloid  solution  on  to  water.  Mr.  Glew  and  Mr.  Thorp 
have  both  used  celluloid  films,  the  latter  for  his  beautiful 
copies  of  diffraction  gratings.  Mr.  Glew  has  written  to 
me  as  follows :  "  I  found  celluloid  dissolved  in  amyl 
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acetate,  8  grains  to  the  ounce  (or  i  gramme  in  14 '6 
cubic  centimetres),  gave  the  best  results.  .  .  .  There 
is  no  difficulty  in  getting  very  clear  films  if  the  amyl 
acetate  is  quite  free  from  moisture.  To  ensure  this  I 
boil  the  amyl  acetate  for  a  few  minutes.  (This  liquid  is 
very  inflammable.)  If  there  is  a  trace  of  moisture  there 
is  a  rich  bloom  or  want  of  clearness  over  the  whole 
film.  The  drops  of  the  solution  should  fall  about  ij 
inches  above  the  surface  of  the  water,  or  the  drops  may 
roll  about  on  the  air-film  and  so  delay  spreading.  Black 
films  may  be  raised  two  or  three  inches  in  diameter. 
Coloured  films,  second  and  third  order,  any  size,  may 
be  raised  by  the  assistance  of  a  net  underneath  the  film. 
I  have  thus  obtained  some  over  a  foot  in  diameter.  The 
strength  of  these  films  is  to  me  very  extraordinary; 
one  three  inches  in  diameter  will  bear  several  ounces  of 
sand  if  put  on  with  care.  The  films  are  extremely 
elastic,  and  are  thrown  into  nodes  and  loops  by  any 
sounds  of  short  wave-length.  These  are  best  seen  by 
sunlight  reflected  from  the  vibrating  film  on  to  a 
sheet  of  white  card.  Whistling  or  singing  near  the  film 
gives  a  charming  combination  of  motion  and  colour  on 
the  screen,  and  can  be  arranged  for  a  lecture  experiment 
of  great  beauty.  Sand  spread  on  the  film  gives  a  distinct 
pattern  for  each  note.  The  sand  pattern  can  be  picked 
off  by  placing  a  sheet  of  gummed  paper  over  and  blow- 
ing gently  to  secure  contact,  and  so  pick  up  the  sand  or 
any  powder,  giving  a  permanent  record.  Films  can  be 
silvered,  and  so  make  very  light  mirrors  on  a  quartz  or 
glass  frame.  Two  or  three  films  superposed  allow  pas- 
sage of  alpha  particles,  J^ut  do  not  allow  the  gaseous 
emanations  to  pass.  This  is  useful  in  certain  research 
work.  Lord  Rayleigh  has  made  use  of  these  films  for 
enclosing  various  gases  for  refraction  of  sound  waves. 
As  to  durability,  I  have  some  which  I  made  about 
twenty  years  ago  and  they  show  no  change.  If  more 
widely  known  they  would  be  useful  in  research  work.  A 
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red-hot  iron  or  flame  may  be  held  about  half  an  inch  above 
a  coloured  film  without  affecting  it,  radiation  passing  freely 
through  the  film,  but  the  ions  cannot  pass  through, 
which  can  be  seen  by  bringing  the  knob  of  a  charged 
electroscope  under  the  film,  which  thoroughly  protects  it 
from  discharge  by  ions."  I  have  given  part  of  Mr.  Clew's 
letter  verbatim  as  he  has  made  such  excellent  use  of 
these  films,  and  was,  I  believe,  the  first  to  make  them. 
I  would  only  add,  by  way  of  further  instruction,  that  the 
solution  should  be  dropped  upon  the  surface  of  clean 
cold  water  in  a  large  basin,  and  left  until  the  amyl 
acetate  has  evaporated  and  colours  are  showing.  The 
film  may  then  be  lifted  from  the  surface  of  the  water  by 
means  of  a  wire  ring,  and  then  exposed  to  the  air.  It 
then  dries  more  completely,  and  it  becomes  tense  and 
very  brilliant  in  its  colours.  If  any  parts  are  black  they 
are,  of  course,  so  thin  as  to  be  very  tender. 

Prof.  Wood  recommends  that  thin  sheet  celluloid 
should  be  boiled  in  water  half  an  hour  before  being  dis- 
solved in  the  acetate  of  amyl,  to  get  rid  of  free  camphor. 
Mr.  Thorp  requires  for  making  his  copies  of  diffraction 
gratings  celluloid  films  of  the  greatest  perfection.  These 
gratings  may  have  1 5,  ooo  or  more  parallel  lines  to  the 
inch,  and  it  is  essential  that  each  line  should  be  in 
its  proper  place  and  that  the  whole  film  should  be 
uniform.  He  has  given  me  the  following  particulars 
of  the  methods  he  follows  in  making  such  films.  One 
part  of  Schering's  celloidin  is  dissolved  in  fifty  parts  of 
amyl  acetate  and  is  then  allowed  to  settle,  for  three 
months  if  possible.  It  is  then  poured  on  to  a  piece  of 
perfectly  level  and  clean  plate  glass,  and  allowed  to  dry 
in  a  dust-proof  box.  A  short  piece  of  glass  tube  is  then 
taken  which  has  been  ground  at  one  end  on  a  convex 
lens-maker's  grinding  tool  and  polished,  and  then  on  a 
concave  lens-maker's  grinding  tool  and  polished,  and 
then  ground  on  a  flat  surface,  so  as  to  make  a  narrow 
flat  between  the  two  sloping  faces,  and  then  polished.  A 
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solution  of  seccotine  is  brushed  round  the  outside  of  the 
tube,  but  not  right  up  to  the  polished  end,  and  this 
is  allowed  to  get  nearly  dry  or  set.  A  circle  is  scribed 
round  in  the  celluloid  film,  still  on  the  plate  glass,  about 
one-fifth  of  an  inch  more  in  diameter  than  the  outside 
of  the  glass  tube,  and  the  polished  end  of  the  tube  is 
placed  centrally  upon  it.  The  cut  edge  of  the  film  is 
then  breathed  upon,  and  the  point  of  a  sharp  knife 
inserted  so  as  to  raise  the  film  and  press  it  gently 
against  the  adhesive  surface.  This  is  done  all  round, 
and  the  whole  is  then  left  to  become  perfectly  dry 
and  hard.  As  the  film  is  in  optical  contact  with  the 
supporting  glass  plate,  it  is  necessary  to  run  a  little 
water  all  round  the  outer  edge,  and  to^oreathe  on 
the  film  within  to  loosen  it.  It  can  then  be  readily 
detached,  and  the  resultant  film  when  dry  is  a  perfect 
plane  film,  showing  by  reflection  interference  colours.  It 
may  be  made  so  thin  that  these  are  very  brilliant. 


Composite  Bubbles 

A  single  bubble  floating  in  the  air  is  spherical,  and  as 
we  have  seen  this  form  is  assumed  because  of  all  shapes 
that  exist  this  one  has  the  smallest  surface  in  relation  to 
its  content,  that  is,  there  is  so  much  air  within,  and  the 
elastic  soap-film,  trying  to  become  as  small  as  possible, 
moulds  the  air  to  this  shape.  If  the  bubble  were  of  any 
other  shape  the  film  could  become  of  less  surface  still  by 
becoming  spherical.  When  however  the  bubble  is  not 
single,  say  two  have  been  blown  in  real  contact  with  one 
another,  again  the  bubbles  must  together  take  such  a 
form  that  the  total  surface  of  the  two  spherical  segments 
and  of  the  part  common  to  both,  which  I  shall  call  the 
interface,  is  the  smallest  possible  surface  which  will  con- 
tain the  two  quantities  of  air  and  keep  them  separate. 
As  the  soap-bubble  provides  such  a  simple  and  pleasing 
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way  of  demonstrating  the  solution  of  this  problem,  which 
is  really  a  mathematical  problem,  it  will  be  worth  while 
to  devote  a  little  time  to  its  consideration.  Let  us 
suppose  that  the  two  bubbles  which  are  joined  by  an 
interface  are  not  equal,  and  that  Fig.  70  represents  a 
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FIG.  70. 

section  through  the  centres  of  both,  A  being  the  smaller 
and  B  the  bigger  bubble.  In  the  first  place  we  have 
seen  (p.  52)  that  the  pressure  within  a  bubble  is  pro- 
•portional  to  its  curvature  or  to  i  divided  by  the  radius  of 
the  bubble.  The  pressure  in  A,  by  which  I  mean  the 
excess  over  atmospheric  pressure,  will  therefore  be  greater 
than  the  pressure  in  B  in  the  proportion  in  which  the 
radius  of  B  is  greater  than  the  radius  of  A,  and  the  air 
can  only  be  prevented  from  blowing  through  by  the 
curvature  of  the  interface.  In  fact  this  curvature 
balances  the  difference  of  pressure.  Another  way  of 
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saying  the  same  thing  is  this  :  the  curved  and  stretched 
film  dac  pushes  the  air  in  A  to  the  left,  and  it  takes  the 
two  less  curved  but  equally  stretched  films  dbc  and  dec, 
pushing  to  the  right  to  balance  the  action  of  the  more 
curved  film  dac.  Or,  most  shortly  of  all,  the  curvature 
of  dac  is  equal  to  the  sum  of  the  curvatures  dbc  and  dec. 
Now  consider  the  point  c  or  d  in  the  figure  either  of 
which  represent  a  section  of  the  circle  where  the  two 
bubbles  meet ;  at  any  point  in  this  circle  the  three  films 
meet  and  are  all  three  pulling  with  the  same  force.  They 
can  only  balance  when  the  angles  where  they  meet  are 
equal  or  are  each  angles  of  120°.  Owing  to  the 


FIG.  71. 

curvature  of  the  lines,  these  angles  do- not  look  equal, 
but  I  have  dotted  in  at  c  tangents  to  the  three  curves  at 
the  point  c,  and  they  clearly  make  equal  angles  with 
each  other. 

This  equality  of  the  angles  is  not  an  independent 
proposition  to  the  last  with  regard  to  the  curvatures  ;  if 
either  condition  is  fulfilled  the  other  necessarily  follows, 
as  also  does  the  one  I  opened  with  that  the  total  surface 
must  be  the  least  possible.  Plateau,  the  blind  Belgian 
professor,  discussed  this,  as  he  did  everything  that  was 
known  about  the  soap-bubble,  in  his  book  Statique  des 
Liquifies,  published  in  Brussels,  a  book  which  is  a  worthy 
monument  of  the  brilliant  author.  He  there  describes  a 
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simple  geometrical  construction  by  which  any  pair  of 
bubbles  and  their  interface  may  be  drawn  correctly. 

From  any  point  C  draw  three  lines,  cf,  cg^  ch,  making 
angles  of  60°,  as  shown  in  Fig.  71.  Then,  on  drawing 
any  straight  line  across  so  as  to  cut  the  three  lines  such  as 
the  one  shown  dotted  in  the  figure,  the  three  points  where 
it  cuts  the  three  lines  will  be  the  centres  of  three  circles 
representing  possible  bubbles.  The  point  where  it  cuts  the 
middle  line  is  the  centre  of  the  smaller  bubble,  and  of  the 
other  two  points,  that  which  is  nearer  to  C  is  the  centre  of 
the  second  bubble,  and  that  which  is  further  is  the  centre 
of  the  interface.  Now,  with  the  point  of  the  compasses 
placed  successively  at  each  of  these  points,  draw  portions 
of  circles  passing  through  Ct  as  shown  in  Fig.  72,  in 
which  the  construction  lines  of  Fig.  7 1  are  shown  dotted 
and  the  circular  arcs  are  shown  in  full  lines. 

Having  drawn  a  number  of  these  on  sheets  of  paper, 
with  the  curved  lines  very  black  so  as  to  show  well,  lay  a 
sheet  of  glass  upon  one,  and  having  wetted  the  upper 
side  with  soap  solution,  blow  a  half  bubble  upon  it,  and 
then  a  second  so  as  to  join  the  first,  and  then  with  a 
very  small  pipe,  or  even  a  straw,  with  one  end  closed 
with  sealing-wax  opened  afterwards  with  a  hot  pin  so  as 
to  allow  air  to  pass  very  slowly,  gently  blow  in  or  draw 
out  air  until  the  two  bubbles  are  the  same  size  as  those 
in  the  drawing,  moving  the  glass  about  so  as  to  keep 
them  over  the  figure.  You  will  then  find  how  the  soap- 
bubble  solves  the  problem  automatically,  and  how  the 
edges  of  the  half  bubbles  exactly  fit  throughout  their 
whole  extent  the  drawings  that  you  have  made. 

If  the  dotted  line  in  Fig.  71  cuts  </and  ch  at  equal  dis- 
tances from  c>  then  it  will  cut  eg  at  half  that  distance  from 
c,  and  we  have  the  case  of  a  bubble  in  contact  with  one  of 
twice  its  diameter.  In  this  case  the  interface  has  the 
same  curvature  as  that  of  the  larger  bubble,  but  is 
reversed  in  direction,  and  each  has  half  the  curvature  of 
the  smaller  bubble. 
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If  the  dotted  line  in  Fig.  71  cuts  cf  and  eg  at  equal 
distances  from  c,  it  will  be  parallel  to  ch  and  will  never 
cut  it.  The  two  bubbles  will  then  be  equal,  and  the 
interface  will  then  have  no  curvature,  or,  in  other  words, 
it  will  be  perfectly  flat,  and  the  line  cd^  Fig.  70,  which  is 
its  section,  will  be  a  straight  line. 

There  are  other  cases  where  the  same  reciprocal  laws 
apply  as  well  as  this  one  of  the  radii  of  curvature  of  joined 
soap-bubbles.  It  may  be  written  in  a  short  form  as  follows  : 

1=  ^  +  -,  using  the  letters  of  Fig.  70  to  represent  the 

A         Jj          6 

lengths  of  the  radii  of  the  corresponding  circles.  For  in- 
stance, a  lens  or  mirror  in  optics  has  what  is  called  a  prin- 
cipal focus,  i.e.  a  distance,  say  A,  from  it  at  which  the  rays 
of  the  sun  come  to  a  focus  and  make  it  into  a  burning-glass. 
If,  instead  of  the  sun,  a  candle  flame  is  placed  a  little  way 
off,  at  a  distance,  say  B,  greater  than  A,  then  the  lens  or 
mirror  will  produce  an  image  if  the  flame  at  a  distance, 

say  e,  such  that  i  =  -L+--      Or,  again,   if  the  electrical 
A     -D     e 

resistance  of  a  length  of  wire,  say  A  inches  long,  is  so 
much,  then  the  electrical  resistance  of  two  pieces  of  the 
same  wire,  B  and  e  inches  long,  joined  so  that  the  current 
is  divided  between  them,  will  be  the  same  as  that  of  A  if 


= 
A     B       e 

The  soap-bubble  then  may  be  used  to  give  a  numerical 
solution  of  an  optical  and  of  an  electrical  problem. 

Plateau  gives  one  other  geometrical  illustration,  the 
proof  of  which,  however,  is  rather  long  and  difficult,  but 
which  is  so  elegant  that  I  cannot  refrain  from  at  least 
stating  it.  When  three  bubbles  are  in  contact  with  one 
another,  as  shown  in  Fig.  73,  there  are  of  course  three 
interfaces  meeting  one  another,  as  well  as  the  three 
bubbles  all  at  angles  of  1  20°.  The  centres  of  curvature 
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also  of  the  three  bubbles  and  of  the  three  interfaces,  also 
necessarily  lie  in  a  plane,  but  what  is  not  evident  and 
yet  is  true  is  that  the  centres  of  curvature,  marked  by 
small  double  circles  of  the  three  interfaces,  lie  in  a  straight 
line.  If  any  of  you  are  adepts  in  geometry,  whether 
Euclidian  or  analytical,  this  will  be  a  nice  problem  for 
you  to  solve,  as  also  that  the  surface  of  the  three  bubbles 
and  of  the  three  interfaces  is  the  least  possible  that  will 
confine  and  separate  the  three  quantities  of  air.  The 
proof  that  the  three  films  drawn  according  to  the  construc- 
tion of  Fig.  7 1  have  the  curvatures  stated  is  much  more 
easy,  and  I  should  recommend  you  to  start  on  this  first. 
If  you  want  a  clue,  draw  a  line  from  the  point  where  the 
dotted  line  cuts  eg  parallel  to  cfy  and  then  consider  what 
is  before  you. 


Out-of-door  Bubbles 

Beautiful  as  the  soap-bubble  is  as  an  object  indoors 
it  is  still  more  so  out  of  doors,  especially  when  large 
with  the  sky  reflected  in  duplicate  from  its  upper 
and  lower  coloured  faces.  I  strongly  commend  these 
experiments  to  people  who  are  seeking  for  a  pleasing 
occupation  in  the  garden  for  a  summer  afternoon.  The 
first  thing  you  will  notice  is  the  curious  shape  of  the 
skyline  showing  in  spherical  perspective  the  surrounding 
trees  or  buildings.  Fig.  74  shows  in  spherical  perspective 
the  back  of  a  group  of  offices  in  Victoria  Street.  This  is  a 
dismal  picture  to  take  as  an  example.  I  would,  however, 
suggest  that  those  who  have  the  advantage  of  beautiful 
surroundings  might  find  it  interesting  to  photograph  them 
as  presented  in  a  bubble.  In  this  picture  the  buildings 
behind  the  camera  are  seen  in  the  middle,  those  at  the 
side  curiously  bent  and  distorted,  while  the  high  block 
of  buildings  with  its  windows  directly  in  front  is  seen 
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upside  down  at  the  top  of  the  bubble.  Further  the 
whole  thing  is  repeated  in  a  reversed  position  below,  and 
there  is  some  confusion  from  the  two  pictures  overlapping. 
I  cannot  refrain  from  including  here  a  companion  picture 


74. 


(Fig.  75)  taken  indoors,  showing  a  kind  of  dreamland 
portrait  taken  by  reflection  from  the  evanescent  surfaces 
of  a  simple  soap-bubble.  By  this  means  any  number  may 
be  included  in  a  group  vanishing  in  the  smallness  of 
distance  around  a  central  figure,  and,  of  course,  if  the 
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inverted  repetition  of  the  whole  picture  is  not  wanted  a 
half  bubble  only  may  be  used.  I  shall  leave  to  the  reader 
to  find  out  how  to  arrange  the  bubble,  camera  and  sur- 
roundings as  a  simple  problem  which  may  be  interesting 
to  those  with  photographic  inclination.  You  will  not  see 


FIG.  75. 


great  and  conspicuous  windows  reflected  in  out-of-door 
bubbles,  though  you  may  in  pictures  of  them,  but  you  will 
see  great  sheets  of  brilliant  and  varying  colour.  While 
out-of-door  bubbles  are  so  attractive  it  is  best  not  to  blow 
them  out  of  doors  for  two  reasons.  It  is  seldom  that 
there  is  so  little  wind  that  bubbles  of  any  size  can  be 
i 
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managed,  and  as  it  is  far  better  that  they  should  be 
blown  with  a  very  little  gas  as  well  as  air  so  that  they 
tend  neither  to  rise  nor  fall  but  follow  like  thistledown 
every  movement  of  the  air,  it  is  more  convenient  on  this 
account  also  to  blow  them  within  easy  reach  of  a  gas-jet, 
unless,  as  is  not  likely,  you  have  a  portable  gasholder 
or  gas-bag  such  as  was  used  before  the  days  of  steel 
cylinders  for  limelight  purposes.  Actually  one  of  these 
cylinders  charged  with  coal  gas  or  with  hydrogen  will 
do,  but  the  gas  pressure  even  with  a  regulator  is  such 
that  the  manipulation  is  not  so  easy,  and,  of  course,  with 
hydrogen,  which  has  about  twice  the  lifting  power  that 
coal-gas  has,  less  gas  will  be  required.  For  these  reasons 
I  shall  describe  what  I  have  found  to  be  the  easier 
way.  Choose  a  day  on  which  there  is  a  bright  sun 
or  white  clouds  and  but  little  wind,  and  a  window 
out  of  which  the  air  from  the  house  is  gently  moving. 
This  may  be  regulated  to  a  certain  extent  by  opening  or 
closing  other  windows  or  doors  so  as  to  control  the 
inlet  of  air  to  the  house  on  the  windward  side,  or,  if  the 
outdraught  is  too  much,  by  opening  other  windows  on 
the  leeward  side.  There  should  be  within  range  of  an 
india-rubber  tube  a  gas-jet  to  which  one  end  of  the 
tube  should  be  attached,  and  to  prevent  the  tube  from 
kinking  it  should  be  tied  about  a  foot  from  the  end  to  the 
jet  so  that  the  intervening  piece  makes  an  easy  bend,  and 
the  length  of  tube  leaves  the  place  where  it  is  tied  in  the 
direction  required.  It  is  convenient  also  to  have  a 
ticking  clock  near  enough  to  be  heard. 

Having  all  these  things  duly  arranged,  and  a  pipe  and 
soap  solution,  preferably  that  described  on  p.  170,  hold 
the  end  of  the  india-rubber  tube  with  one  hand  with  which 
also  it  is  pinched  to  prevent  the  gas  escaping,  dip  the 
end  of  the  india-rubber  tube  into  the  solution,  and  then 
on  taking  it  out  let  the  gas  blow  a  bubble.  When  the 
bubble  is  the  size  of  an  apple  or  an  orange,  the  size 
depending  on  the  weight  of  liquid  in  the  bubble,  the 
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lifting  power  of  the  gas  will  just  carry  it,  so  that  when 
detached  it  will  neither  rise  nor  fall.  If  the  end  of  the  india- 
rubber  tube  is  small  the  amount  of  liquid  will  be  small, 
and  quite  a  small  bubble  will  just  float ;  if  the  tube  is 
connected  to  a  pipe  with  a  larger  end  the  weight  will  be 
more,  and  the  bubble  that  will  just  float  will  be  larger.  It 
is  easy  having  the  gas-tap  turned  to  any  particular  position 
to  ascertain  how  much  gas  will  be  about  right  by  count- 
ing the  ticks  of  the  clock  while  the  gas  is  flowing  and 
then  detaching  the  bubble.  With  fairly  uniform  manipu- 
lation the  number  of  ticks  found  by  experience  is  a 
sufficient  guide.  I  have  shown  on  p.  134  how  you 
can  tell  by  calculation  what  size  of  bubble  will  just  float, 
but  with  the  instructions  here  given  there  is  no  difficulty 
in  succeeding  without  any  calculation.  When  a  bubble 
has  been  blown  so  as  just  to  float,  and  this  is  wafted  out 
of  the  window,  it  will  float  away,  and  if  it  is  in  a  town 
among  buildings,  and  not  among  trees,  it  will  last  a  sur- 
prisingly long  time,  being  blown  hither  and  thither,  skirt- 
ing walls, but  not  touching  them,  and  withstanding  in  an 
amazing  way  the  action  of  eddies ;  now  resting  stationary 
or  nearly  so,  now  being  buffeted  by  a  whirl  of  air  and 
spun  round,  or  drawn  out  of  shape  like  a  sausage,  or 
even,  as  I  have  seen,  separated  into  two  or  three  distinct 
bubbles.  It  is  surprising,  too,  how  far  bubbles  of  moderate 
size  will  travel  in  the  rain.  Among  trees,  however,  their 
life  is  short,  they  move  with  the  air  into  the  branches, 
and  all  is  over.  Bubbles  blown  with  coal  gas  alone  just 
large  enough  to  float  are  too  small  to  produce  the  great 
areas  of  varied  colour  which  are  so  striking  with  large 
bubbles,  but  more  gas  must  not  be  blown  in,  for  if  it 
is,  the  bubble  will  rise  and  disappear  into  the  sky. 
However,  as  the  soap  solution  and  the  gas  balance  each 
other,  air  may  be  blown  in  without  destroying  the  balance, 
as  the  weight  of  air  blown  in  is  just  balanced  by  the 
buoyancy  of  the  outer  air.  It  is  therefore  only  neces- 
sary in  order  to  blow  larger  bubbles  that  will  just  float  to 
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blow  from  a  wide-mouthed  pipe  a  bubble  with  air,  and 
while  blowing  it  to  insert  into  its  side  the  wetted  end  of 
the  india-rubber  tube  connected  with  the  gas  supply,  and 
allow  the  gas  to  enter  for  the  number  of  ticks  of  the 
clock  that  will  be  found  suitable.  The  time  may  not  be 
the  same  as  before,  but  more  if  the  pipe  used  picks  up 
a  greater  weight  of  liquid.  Sometimes  it  is  convenient 
to  support  the  bubble  on  a  ring  of  wire  with  a  handle,  or 
with  three  feet  so  as  to  stand  as  a  tripod,  the  ring  being 
two  or  three  inches  in  diameter,  and,  of  course,  previously 
wetted  with  the  solution.  The  chief  objection  to  this  is 
the  difficulty  of  letting  the  bubble  go  without  breaking 
it.  The  right  movement  to  give  to  the  ring  is  a  very 
gentle  movement  straight  away  from  the  bubble,  and 
not  sidelong,  but  practice  will  show  better  than  any 
description.  Another  way  of  causing  a  large  bubble  to 
leave  a  ring  without  shock  is  to  blow  a  second  smaller 
bubble  in  actual  contact  with  the  first  bubble  and  the  ring. 
The  smaller  bubble  may  then  be  made  to  enter  the  ring, 
when  the  larger  bubble  will  draw  off  with  but  little 
disturbance.  Single  bubbles  a  foot  in  diameter  or  so 
may  thus  be  blown  and  detached,  and  though  such  large 
bubbles  do  not  last  so  long  as  small  ones,  they  last  quite 
long  enough  to  present  a  most  beautiful  sight  as  they 
sail  across  a  garden. 

When  the  amount  of  gas  is  not  well  chosen  the 
bubbles  of  course  slowly  rise  or  sink  as  the  case  may  be. 
Occasionally  when  the  gas  was  just  insufficient  I  have 
seen  a  large  bubble  move  slowly  over  a  paved  area,  and 
there  wipe  off  the  pendent  drop  which  generally  drains 
to  the  bottom,  and  then  relieved  of  this  load  it  slowly 
rose  again  and  sailed  away.  Oftentimes  as  they  sail  a 
drop  falls  away,  and  then  the  change  of  their  course  due 
to  loss  of  weight  becomes  manifest. 

I  have  already  explained  how  the  interfaces  of  multiple 
bubbles  may  be  made  either  plane  or  very  slightly 
curved  by  making  the  adjacent  bubbles  equal  or  nearly 
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so.  Groups  of  equal  or  nearly  equal  bubbles  three  or 
four  inches  in  diameter,  and  grouped  in  twos,  threes, 
fours,  or  fives  may  be  blown  by  the  aid  of  a  supporting 
ring,  and,  if  desired,  the  coal  gas  to  support  the  combina- 
tion may  be  put  into  one  only,  which,  of  course,  will  then 
carry  the  rest  below  it.  Such  multiple  bubbles  are  even 
more  magnificent  than  single  bubbles,  because  the  flash- 
ing of  the  sunlight  reflected  from  the  large  plane  faces 
in  tints  of  ruby,  emerald  and  sapphire  contrasts  with  the 
steady  and  more  restricted  spots  of  light  reflected  from 
the  spherical  surfaces. 

A  further  variety  of  multiple  bubble  which  may  be 
described  as  a  magnified  froth  is  interesting  but  not  so 
beautiful  as  the  groups  just  described.  It  is,  however, 
very  easily  made.  Place  a  saucer  in  a  basin  and  pour  in 
some  soap  solution,  dip  the  end  of  the  india-rubber  pipe 
below  the  surface  and  fix  it  there,  and  regulate  the  flow 
of  gas  so  that  the  bubbles  that  rise  to  the  surface  may 
be  rather  less  than  an  inch  in  diameter.  Such  a  single 
bubble  unless  it  is  very  thin  will  not  rise  even  if  free,  and 
it  certainly  cannot  pull  itself  away  from  the  liquid.  As, 
however,  the  bubbles  are  being  produced  at  a  great  rate 
a  mass  of  froth  of  a  coarse  texture  is  formed,  and  the 
liquid  drains  from  the  upper  bubbles  until  they  are  light 
enough  to  support  themselves.  The  result  is  that  at  first 
a  great  hemispherical  mass  of  froth  is  formed,  and  then 
as  the  upper  part  gets  lighter  it  begins  to  pull  upwards 
and  the  mass  elongates  until  a  column  perhaps  a  foot 
high  and  of  about  the  same  diameter  as  the  saucer 
gradually  rears  up  and  then  pulls  itself  off  and  sails 
away.  Such  a  mass  may  rub  against  a  wall  as  it  goes, 
destroying  the  surface  bubbles  in  the  process  and  then 
sail  on  rather  smaller  than  before.  The  reason  for 
putting  the  saucer  in  a  basin  is  that  the  mass  of  froth 
carries  much  of  the  liquid  over  the  edge  which  would 
otherwise  be  wasted.  If  the  mass  of  froth  clings  to  the 
basin  it  may  not  detach  itself  so  readily,  and  in  that  case 
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it  may  be  well  to  stand  the  saucer  on  a  mug  in  the  basin. 
Of  course  these  masses  of  froth  illustrate  very  well  the 
general  characteristic  of  froth  described  on  p.  92,  of 
having  never  more  than  three  faces  meeting  in  a  line, 
or  more  than  four  in  a  point,  and  always  so  meeting 
as  to  make  angles  of  120°.  Groups  of  four  or  five  large 
bubbles  of  equal  size  give  a  perfect  representation  of  the 
rhombohedral  end  of  the  cell  of  a  honeycomb. 

It  may  be  worth  while  to  see  how  much  gas  is  needed 
to  support  a  bubble  of  any  colour,  or  how  small  a 
bubble  of  any  colour  can  be  supported  by  coal  gas. 
The  following  figures  will  make  it  easy  to  find  out : 
3%  cubic  inches  of  air  weigh  one  grain.  Coal  gas  is 
about  |  the  weight  of  air,  that  is  if  it  does  not  contain 
too  much  water  gas,  so  its  lifting  power  is  about  -J  of  the 
weight  of  its  volume  of  air.  One  cubic  inch  will  there- 
fore lift  f  X  r*3  grain.  This  is  Jf  or  more  conveniently 
ro8o5o  grain.  A  spherical  bubble  contains  slightly  over 
half  as  many  cubic  inches  as  the  cubical  box  it  will  just 
enter  contains.  The  actual  factor  to  convert  the  volume 
of  a  cube  into  that  of  the  sphere  of  the  same  diameter 
is  "5236,  which  is  a  little  over  one  half;  or,  the  vo'ume  of 
a  sphere  is  exactly  f  of  the  volume  of  the  containing 
cylinder.  The  surface  of  a  sphere  is  exactly  equal  to  that 
of  the  curved  surface  of  the  containing  cylinder,  and  that 
is  '7854  or  a  little  over  three-quarters  of  the  surface  of  four 
faces  of  the  containing  cube.  To  take  an  example  let  the 
bubble  have  a  diameter  of  one  inch.  The  volume  of  the 
containing  cube  is  one  cubic  inch,  and  therefore  the  one- 
inch  sphere  contains  '5236  cubic  inch.  The  surface  of  four 
faces  of  a  one-inch  cube  is  4  square  inches,  and  this  multi- 
plied by  '7854  gives  3*1416  square  inches,  and  this  is  the 
surface  of  the  one-inch  sphere.  The  weight  of  this  in 
thousandths  of  a  grain  per  square  inch  for  a  soap-film  of 
any  colour  can  be  read  off  directly  from  the  scales  on  the 
coloured  plate.  Again,  by  way  of  example  take  the  bright 
apple-green  weighing  y^5^  grain  for  every  square  inch. 
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Then  our  green  one-inch  bubble  will  contain  -^ 3  I4I 

1000 

grain  of  water,  that  is  — ?-I —  grain.      If  filled  with  coal 
1000 

gas  the  lifting  power  of  the  gas  will  be  -^ ^— £,     or 

IOOO 

^ — Z.  grain.     This  is  a  little  more  than  six  times  as  much 

IOOO 

as  the  bubble  weighs.  If  therefore  the  green  bubble 
is  made  only  one-sixth  of  an  inch  in  diameter  instead  of 
one  inch  the  surface  and  therefore  the  weight  will  be 
reduced  in  the  ratio  of  6  x  6  :  i,  while  the  quantity  of 
gas  and  therefore  its  lifting  power  will  be  reduced  in  the 
ratio  of  6x6x6  to  i.  A  bubble  one-sixth  of  an  inch  in 
diameter  of  the  bright  apple-green  colour  filled  with  coal 
gas  will  therefore  just  float  in  the  air.  The  scale  on  the 
coloured  plate  shows  that  the  thinnest  white  film  weighs 
just  about  one  thousandth  part  of  a  grain  to  the  square 
inch,  or  one-fifth  as  much  as  the  green  film.  The  smallest 
white  film  that  will  just  float  when  filled  with  coal  gas 
is  therefore  one-thirtieth  of  an  inch  in  diameter,  or 
the  size  of  a  small  pin's  head.  Very  small  and  very  thin 
bubbles  are  difficult  to  blow  even  with  very  small  pipes, 
but  bubbles  such  as  I  have  been  describing  are  often 
formed  unintentionally  when  a  single  bubble  is  pulled 
into  two,  and  I  have  occasionally  seen  these  minute 
and  very  thin  bubbles  floating  in  the  air.  It  may  be 
interesting  to  know  that  the  same  scale  which  gives  the 
weight  of  films  in  grains  per  square  inch  may  also  be 
used  to  find  the  weight  in  centigrammes  per  square  centi- 
metre, as  the  two  systems  of  measurement  differ  by  less 
than  one  half  of  one  per  cent.  So  of  course  the  scale 
that  gives  thousandths  of  a  grain  per  square  inch  gives 
also  thousandths  of  a  centigramme,  or  hundredths  of  a 
milligramme  per  square  centimetre.  It  also  gives  the 
thickness  in  ten  thousandths  of  a  millimetre. 
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The  Colour  and  Thickness  of  Bubbles 

The  colours  of  soap-bubbles  are  so  beautiful  and  varied 
that  that  alone  is  sufficient  reason  for  wishing  to  know 
something  as  to  the  cause  of  the  colour.  As  the  colour 
depends  upon  the  thickness  primarily,  and  it  is  con- 
venient at  times  to  know  the  thickness  and  hence  the 
weight  of  a  bubble,  this  is  an  additional  reason  for 
trying  to  understand  how  it  is  that  at  some  times  they 
are  so  brilliantly  coloured,  while  at  other  times  they  may 
have  no  colour  at  all,  and  how  when  they  are  adequately 
protected  they  may  even  be  almost  perfectly  black. 
However,  it  is  not  easy  to  know  how  to  begin,  as  the 
explanation  requires  a  formidable  chapter  of  optics,  and 
it  is  not  worth  giving  at  all  unless  it  is  done  with 
sufficient  completeness  to  lead  up  from  the  simplest  first 
principles  to  the  observed  result. 

Light  has  been  found  by  experiment  to  travel  at  the 
rate  of  very  nearly  a  thousand  million  feet  per  second,  or 
186,680  miles  per  second,  or  seven  and  a  half  times  round 
the  earth  per  second,  or  thirty  thousand  million  centi- 
metres per  second,  that  is  in  a  vacuum ;  and  very  nearly 
or  almost  exactly  at  the  same  rate  in  air.  In  a  vacuum, 
light  of  any  colour  travels  at  the  same  rate,  and  in  air 
almost  exactly  so.  In  water,  however,  light  travels  three- 
quarters  of  the  rate  that  it  does  in  air,  and  lights  of 
different  colours  do  not  all  travel  at  exactly  the  same 
speed ;  but  red  is  a  little  faster  than  yellow,  and  this  than 
green,  and  blue  and  violet  fall  off  a  little  more  still.  As 
the  very  slight  differences  in  the  rate  at  which  lights  of 
different  colour  travel  in  water  are  of  quite  secondary 
importance  so  far  as  the  colours  of  soap-bubbles  are 
concerned,  I  shall  not  refer  to  this  again,  but  take  light 
as  travelling  three-quarters  as  fast  in  water  as  it  does  in 
air.  It  is  almost  exactly  three-quarters  for  all  the  colours. 

Now  suppose  light  to  enter  a  trough  of  water  obliquely 
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as  indicated  by  the  arrow  i  in  Fig.  76,  and  that  a  beam 
of  light  between  the  lines  ab  and  cd  only  is  being  con- 
sidered. Light  which  left  the  sun,  say  at  a  particular 
moment,  will  at  some  time  reach  the  water  at  b.  At  this 
exact  moment  light  which  left  the  sun  at  the  same  time 
that  that  at  b  did  but  travelling  along  cd  will  have  reached 


the  point  *,  and  will  still  have  all  the  way  from  e  to  d  to 
go  before  it  reaches  the  water.  The  angle  bed  of  course 
is  a  right  angle,  and  the  point  e  may  be  found  by  drawing 
a  semi-circle  shown  dotted  on  bd.  While  the  light  is 
going  from  e  to  d  the  light  which  had  reached  b  will  travel 
three-quarters  of  the  distance  ed  in  the  water.  Set  the 
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compasses  to  a  radius  equal  to  three-quarters  of  edt  and 
with  one  point  at  b  mark  the  point  yon  the  lower  semi- 
circle. The  light  leaving  b  will  therefore  travel  as  far  as/ 
while  the  light  leaving  e  is  getting  to  d.  Join  fdt  then 
light  which  at  one  moment  had  reached  the  line  be  will 
later  have  reached  the  line  fd,  and  dg,  fh  at  right  angles 
to  fd  will  now  be  the  boundaries  of  the  light  in  the 
water,  and  the  light  will  be  travelling  in  the  direction 
of  the  arrow  2.  Light  then  is  bent  in  its  course  when 
entering  water  obliquely,  and  the  construction  of  Fig  76 
shows  how  much  and  why. 

If  the  water  is  contained  between  two  parallel  walls, 
as  in  a  soap-bubble,  then  a  repetition  of  the  construction 
on  the  side  where  the  light  leaves  the  water  will  show 
that  the  beam  of  light  there  becomes  more  inclined  again 
than  it  was  in  the  water,  and  that  it  comes  out  parallel 
to  the  direction  of  the  arrow  i  by  which  it  entered,  but 
the  beam  is  displaced  laterally  by  a  small  proportion  of 
the  thickness  of  the  soap-bubble,  and  that  you  do  not 
notice  when  you  look  at  anything  through  a  soap  film. 

If  instead  of  water,  through  which  light  travels  three- 
quarters  as  fast  as  it  does  through  air,  glass  is  taken, 
through  which  light  travels  two-thirds  as  fast  as  it  does 
through  air,  then,  following  the  construction  of  Fig.  76, 
it  is  only  necessary  to  make  bf  two-thirds  instead  of 
three-quarters  of  ed. 

This  bending  of  light  as  it  enters  a  dense  medium  is 
called  refraction,  and  the  construction  of  Fig.  76  is  an 
illustration  of  the  well-known  optical  "law  of  sines." 
It  is  necessary  to  understand  it  in  order  to  follow  the 
course  of  light  in  the  thickness  of  a  soap-bubble  when 
tracing  the  cause  of  the  brilliant  colours. 

If  you  take  the  trouble  to  make  this  construction  for 
a  variety  of  inclinations  of  ab  from  the  perpendicular  to 
nearly  the  horizontal,  you  will  find  that  with  the  steeper 
angles  bf  is  inclined  from  the  perpendicular  almost 
exactly  three-quarters  as  much  as  ab  is,  but  that  as  ab 
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becomes  more  nearly  horizontal  bf  changes  in  inclination 
very  little ;  and  further,  that  when  ab  is  as  low  as  it  can 
be,  so  that  ed  and  bd  are  the  same,  bf  becomes  three- 
quarters  of  the  diameter,  and  this  corresponds  to  an 
inclination  within  the  film  of  41°.  This  is  the  least 
inclined  direction  in  which  light  can  enter  water  from 
air,  and  similarly  it  is  the  smallest  inclination  at  which 
a  fish,  say,  can  see  out  of  the  water  when  looking  at 
things  just  above  the  water  level.  Prof.  Wood  has  taken 
photographs  with  an  immersed  camera  showing  the  kind 
of  distorted  view  of  the  surrounding  landscape  that  a 
fish  can  see.  If  light  within  water  meets  the  surface 
at  an  angle  less  than  41°  the  construction  of  Fig.  76 
becomes  impossible,  and  there  is  no  escape  for  the  light, 
which  therefore  becomes  totally  reflected  back  into  the 
water. 

The  next  peculiarity  of  light,  and  one  much  more 
difficult  to  understand  is  the  fact  that,  unlike  a  stream 
of  water  which  pours  continuously  forward,  light  is  a 
particular  kind  of  interrelated  electrical  and  magnetic 
disturbance,  which  for  instance  for  a  particular  green  of 
the  spectrum  repeats  itself  every  one  fifty-thousandth  of 
an  inch  (^o^orr  inch),  that  is,  the  wave-length  is  twenty- 
millionths  of  an  inch  long  in  air.  In  this  fifty-thousandth 
of  an  inch  the  electrical  and  magnetic  conditions  be- 
come reversed  in  the  first  hundred-thousandth  of  an 
inch,  and  then  reversed  again  in  the  second  hundred- 
thousandth  of  an  inch;  and  this  process  is  repeated 
every  fifty-thousandth  of  an  inch  in  a  vacuum  or  in 
air,  while  the  light  is  travelling  at  the  rate  of  nearly 
12,000,000,000  inches  a  second.  It  will  be  seen  then 
that  with  the  particular  green  light  the  electrical 
and  magnetic  cycles  occur  at  the  rate  of  50,000  x 
12,000,000,000  times  a  second,  or  600,000,000,000,000 
times  a  second.  If  light  were  like  a  continuous  stream 
of  water  it  would  not  be  possible  to  take  two  streams 
and  add  them  together  and  find  they  produced  nothing 
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at  all — that  they  seemed,  in  fact,  to  be  wholly  destroyed. 
As,  however,  the  electric  and  magnetic  causes  of  green 
light  are  reversed  in  direction  every  hundred-thousandth 
of  an  inch,  it  is  only  necessary  to  do  something  to  split 
up  a  beam  of  this  green  light  and  shift  one  part  a 
hundred-thousandth  of  an  inch  backwards  or  forwards 
with  respect  to  the  other  half,  keeping  them  in  the  same 
path,  for  the  North  magnetic  action  of  one  to  neutralize 
the  South  magnetic  action  of  the  other,  and  the  positive 
electricity  of  the  one  to  neutralize  the  negative  electri- 
city of  the  other,  and  for  the  result  to  be  darkness. 
This,  at  first,  seems  incredible.  If  one  candle  makes 
a  certain  light  in  a  room  two  candles  make  twice  as 
much,  and  no  one  ever  saw  a  room  suddenly  become  dark 
when  a  second  candle  was  lighted.  For  the  action  that 
I  have  described  to  take  place  two  separate  sources 
of  light  must  not  be  used,  nor  must  two  separate  beams 
of  light  from  the  same  source,  but  a  single  beam  of  light 
must  be  used ;  then  and  then  only  can  the  production 
of  darkness  by  its  two  parts  be  brought  about.  This 
action  is  called  interference,  and  examples  of  interference 
are  found  in  other  rhythmical  operations  as  well  as  in 
light.  For  instance,  in  a  twin-screw  steamer,  if  one 
engine  is  going  very  little  faster  than  another  the 
vibrations  due  to  the  two  engines  alternately  act  together 
and  make  a  greater  effect  than  either,  and  in  opposite 
directions,  so  that  the  result  is  less  than  that  due  to 
either  separately.  Or  if  a  tuning-fork  that  has  been 
struck  is  held  near  the  ear  and  slowly  turned  round,  four 
places  will  be  found  where  the  actions  of  the  two  prongs 
are  equal  and  opposite,  and  in  these  no  sound  or  but 
very  little  is  heard. 

The  figures  that  I  have  given  for  the  wave-length  and 
number  of  cycles  in  a  second  seem  sufficiently  astounding, 
but  when  once  the  imagination  gives  up  the  contest  and 
leaves  it  to  reason,  the  difficulties  are  not  so  great,  for  there 
is  no  very  great  difficulty  in  the  experimental  measurement 
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of  either  velocity  or  the  wave-length,  and  the  number 
of  cycles  in  a  second  is  a  mere  matter  of  arithmetic. 
There  is  much  greater  difficulty  in  realizing  the  electrical 
and  magnetic  structure  of  light.  It  is  not  possible  here 
to  give  more  than  the  briefest  statement.  Maxwell  per- 
ceived from  the  relations  of  electrical  and  magnetic 
actions  that  an  electro-magnetic  "wave"  should  travel 
at  the  speed  of  light  in  air  or  in  a  vacuum,  a  speed 
vastly  higher  than  any  that  can  be  accounted  for  by 
mechanical  properties  of  matter.  He  saw  that  these 
waves  rnight  have  any  wave-length  and  any  correspond- 
ing number  in  a  second,  but  that  whatever  size  the 
wave  might  be  it  would  always  travel  at  the  same  speed, 
the  speed  of  light.  Within  its  octave  light  visible  to  the 
eyes  of  man  has  various  wave-lengths,  but  travels  at  the 
same  enormous  speed.  With  suitable  instruments,  such 
as  the  spectroscope,  the  thermopile  and  the  photographic 
plate,  kinds  of  light,  which  are  light  in  all  respects 
except  that  the  eye  is  not  affected  by  them,  may  be 
traced  for  many  octaves  above  and  below  the  narrow 
limits  perceived  by  the  eye.  All  these  come  with  visible 
light  from  the  sun  and  other  sources  and  at  the  same 
speed.  Maxwell  had  no  way  of  making  an  electro- 
magnetic wave,  but  he  recognized  it  as  an  electrical 
necessity  if  only  means  existed  to  create  it,  and  when 
made  he  knew  that  it  would  be  of  the  same  kind  as 
the  light  wave.  It  remained  for  Hertz  to  discover  how 
these  waves  could  be  produced  by  purely  electrical 
means,  and  when  made  they  were  found  to  behave  as 
predicted  by  Maxwell,  to  be  in  fact  light  waves  but  of 
much  greater  length. 

Now,  thanks  to  Marconi  and  others,  these  waves  are 
well  known,  they  are  made  for  the  purpose  of  tele- 
graphing from  ship  to  ship  300  or  600  metres  long, 
and  for  long-distance  telegraphy  without  wires  two  or 
three  miles  long  and  consequently  at  the  rate  of  only 
100,000,  or  even  less  per  second,  and  in  the  laboratory 
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the  electrically  produced  waves  can  be  made  so  short 
that  they  only  fail  to  reach  the  longest  waves  in  the  whole 
spectrum  by  an  octave  or  two.  When  we  realize  all  this 
we  are  able  to  speak  of  the  electro-magnetic  structure  of 
light  with  confidence. 

Now  returning  to  the  soap-bubble  and  remembering 
that  it  is  very  thin  it  is  not  difficult  to  understand  that 
light  which  has  been  reflected  partly  from  its  front  sur- 
face and  partly  from  its  back  surface  may  be  so  split 
up  as  to  have  one  part  which  has  travelled  one  or  two 
or  three  hundred-thousandths  of  an  inch  further  than 
the  other;  then  whether  light  will  be  seen  or  not  will 
simply  depend  upon  whether  the  two  parts  are  in 
electrical  and  magnetic  agreement  or  the  reverse. 

It  is  necessary  to  understand  that  while  the  wave- 
length in  air  of  the  green  light  is  -j^-J^  inch,  in  water 
where  light  only  travels  at  three-quarters  of  the  speed 
that  it  does  in  air  it  will  only  travel  f  of  -g-g-J-oo  inch, 
that  is  KQ^T  inch  before  the  phase  is  reversed  twice. 
The  wave-length  of  any  colour  in  water  is  three-quarters 
of  the  wave-length  of  the  same  colour  in  air. 

With  this  introduction  I  hope  that  the  examination  of 
the  action  of  a  soap-film  on  light  will  be  less  difficult 
than  it  would  be  if  all  these  considerations  had  to  be 
introduced  at  once. 

I  have  already  said  that  the  "wave-length,"  that  is,  the 
distance  in  which  the  polarity  is  reversed  and  reversed 
back  to  its  former  state  again,  in  the  case  of  a  particular 
green  light  is  s^J^  inch  or  20  millionths  of  an  inch. 
The  wave-length  of  the  yellow  of  the  spectrum  is  longer 
and  red  longer  still,  while  that  of  the  blue  is  shorter 
and  of  the  violet  shorter  still.  All  these  and  all  the 
intermediate  colours  and  wave-lengths  combined  together 
constitute  the  white  light  of  day,  and  if  any  one  or  more 
are  removed  from  white  the  remaining  colours  combined 
produce  a  colour  which  is  called  the  complementary 
colour  to  the  mixture  of  those  that  are  removed.  If 
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we  can  see  how  a  soap-bubble  may  fail  to  reflect 
certain  colours  and  yet  reflect  others,  we  shall  under- 
stand how  the  colour  that  we  see  reflected  is  the 
complementary  colour  of  those  that  it  does  not  reflect. 
Instead  of  considering  white  light  it  will  be  simpler 
at  first  to  take  the  case  of  some  simple  colour  and  so 
avoid  the  complication  that  would  result  from  con- 
sidering all  the  colours  and  all  their  wave-lengths  at 
once. 

Let  us  therefore  take  the  green  light  so  often  referred 
to,  with  a  wave-length  of  J-Q^Q-Q  inch.  Let  me  repeat 
the  polarity  of  this  coloured  light  is  reversed  every 
hundred-thousandth  of  an  inch,  so  that  if  the  light  is 
split  into  two  beams  following  the  same  course  and  one 
is  delayed  relatively  to  the  other  i,  3,  5  or  an  odd 
number  of  hundred-thousandths  of  an  inch  the  com- 
bination of  the  two  beams  produce  darkness;  if  the 
delay  is  2,  4,  6  or  an  even  number  then  the  two  rein- 
force one  another  and  the  green  colour  is  seen  of 
greatly  increased  intensity. 

The  matter  will  be  clearer  if  we  take  an  example. 
Fig.  77  shows  on  a  very  greatly  magnified  scale  a  film 
of  water  between  the  lines  i,  i  and  2,  2.  A  scale  of 
millionths  of  an  inch  is  placed  below.  Consider  a 
beam  of  the  green  light  between  ab  and  cd  travelling 
in  the  direction  shown  by  the  arrow  heads,  striking 
the  first  surface  i,  i  of  the  film  between  b  and  d. 
Then  in  general  it  will  split  up  into  two  beams,  one 
entering  the  film  and  being  refracted  to  ef,  and  the 
other  reflected  at  bd  to  kl.  The  proportion  of  the 
light  which  is  found  in  the  two  beams  depends  upon 
the  inclination  of  the  beam  and  also  on  its  polariza- 
tion, if  any,  which  is  an  expression  defining  the 
directions  in  which  the  electrical  and  magnetic  actions 
occur.  For  a  steep  inclination  such  as  is  shown  in 
the  figure  the  reflected  beam  is  much  less  intense 
than  the  refracted  beam,  but  as  the  light  strikes 
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the  film  more  and  more  obliquely  a  greater  proportion 
of  light  in  general  is  reflected.  There  are  complications 
depending  on  the  state  of  polarization,  if  any,  of  the 
light,  but  into  these  it  is  not  necessary  to  enter.  The 
beam  which  has  struck  the  second  surface  2,  2  at  ef  is 
there  again  split  up  into  two  beams,  one  passing  out 
into  the  air  again  and  being  refracted  to  gh  and  one 


-t—  / 


i\o 


I  I  I  I  I  I  I  I  I  I  I  I 


z\o 


Mil  lion  ths  of  an  inch. 

FIG.  77- 

reflected  to  dm.  Here  again  the  process  of  splitting 
is  repeated.  Some  passes  on  into  the  air  to  In  while 
some  is  reflected  back  into  the  film,  and  so  the  process 
is  repeated  indefinitely.  As  the  light  which  is  reflected 
from  the  first  surface  to  kl  is  far  greater  than  all  the 
rest  of  the  light  which  emerges  from  this  surface  I  shall 
consider  it  alone,  but  strictly  all  the  emergent  light  pay- 
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ing  due  regard  to  its  phase  and  intensity  must  be  taken 
into  account  to  make  the  theory  complete. 

Following  then  a  construction  analogous  to  that  of 
Fig.  76,  and  drawing  the  dotted  circle  about  bd  as  a 
diameter,  and  joining  b  with  o  and  /,  the  points  where 
the  dotted  circle  cuts  the  lines  cd  and  ed,  we  have  do 
and  dp  distances  in  air  and  in  water  which  light  takes 
the  same  time  to  traverse ;  we  have  bo  at  right  angles  to 
ab  and  cd,  and  as  this  line  is  all  at  the  same  distance 
from  the  source  of  light,  the  light  at  all  parts  of  this  line 
is  in  the  same  phase.  Now  the  two  rays  from  a  and  c 
are  in  the  same  phase  at  b  and  o,  thereafter  some  of 
the  a  ray  goes  to  £,  and  thence  via  p  and  d  to  /.  Some 
of  the  c  ray  after  leaving  o  goes  via  d  to  /.  As  the  times 
of  travelling  from  o  to  d  and  from  p  to  d  are  equal,  and 
thereafter  the  two  follow  the  same  course  up  to  /, 
the  delay  introduced  into  the  a  ray  is  the  time  of 
travelling  from  b  via  e  to  p.  Now  the  thickness  of  the 
film  between  the  lines  i,  i  and  2,  2  and  the  inclination 
of  the  original  beam  of  light  to  the  water-film  are  so 
chosen  that  this  distance  bep  is  exactly  one  wave-length 
in  water^  in  the  very  highly  magnified  drawing.  It 
would  be  expected  then  that  the  polarity  would  be 
reversed  and  reversed  again  back  to  its  original  state  in 
this  distance,  and  so  as  ^and^are  equivalent  paths,  the 
two  rays  would  arrive  at  d  and  travel  up  the  common  path 
to  /  in  the  same  phase.  If  so  they  should  reinforce  one 
another,  and  the  film  should  appear  brilliantly  green  to  an 
eye  placed  to  receive  the  reflected  light.  It  should  appear 
green,  that  is,  if  the  light  thrown  on  to  the  film  is  green. 

There  is,  however,  a  difference  in  the  conditions  of  the 
reflection  at  the  first  and  second  surfaces  of  the  water- 
film.  At  the  first  surface  light  is  reflected  from  the 
material  in  which  it  travels  more  slowly,  while  at  the 
second  it  is  reflected  from  the  material  in  which  it 
travels  more  quickly.  Now  it  is  a  general  property  of 
wave  reflection,  whether  mechanical  or  electrical  in  its 
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mechanism,  that  when  the  two  rays  are  reflected  under 
these  different  conditions  there  is  a  reversal  of  phase 
of  one  ray  with  respect  to  the  other  as  compared  with 
that  which  the  mere  consideration  of  distance  travelled 
would  indicate.  The  result  is  that  in  Fig.  7  7,  the  two 
rays  which  each  would  traverse  dl,  if  the  other  did  not 
exist,  are  actually  in  opposite  phases,  and  no  green  light 
can  be  seen.  The  two  rays  may  be  considered  samples  of 
corresponding  pairs  all  over  the  film  if  it  is  of  the  same 
thickness,  and  so  the  whole  of  the  light  that  would  be 
reflected  from  the  first  surface,  if  there  were  no  light 
from  the  second  surface,  is  in  the  opposite  phase  to  the 
whole  of  the  light  reflected  from  the  second  surface,  and 
that  would  come  out  through  the  front  surface  if  it  alone 
existed.  As  these  actions  are  exactly  equal  and  opposite 
no  light  is  seen  reflected  from  the  film.  What  then 
becomes  of  the  energy  contained  in  these  two  beams  of 
light?  Each  of  them  contains  as  measured  in  foot- 
pounds per  minute  or  in  horse-power,  it  is  true  by  a  very 
small  number,  a  certain  definite  amount  of  energy.  This 
cannot  be  lost.  When  waves  "interfere,"  as  this  process 
is  called,  and  produce  darkness  or  silence  or  a  state  of 
rest,  the  energy  which  has  disappeared  from  the  place 
where  action  seems  to  be  destroyed,  reappears  of 
necessity  somewhere.  Now  referring  again  to  Fig.  77, 
I  have  stated  that  as  between  the  first  and  second  surfaces 
there  is  this  difference,  that  the  two  rays,  either  of  which 
would  travel  along  dl  if  it  were  not  for  the  other,  are 
relatively  to  one  another  reversed  in  phase.  It  does  not 
matter  which  is  reversed,  or  whether  each  is  altered  a 
little  so  as  to  make  them  opposite  in  phase;  along  dl 
they  are  opposite,  and  so  there  is  no  reflected  ray  dl. 
Again  it  does  not  matter  how  the  reversal  is  effected,  the 
ray  df  as  the  result  of  double  reflection  within  the  film 
will  be  in  the  same  phase  as  the  other  ray  df  produced 
by  cd  entering  the  film.  These  two  being  in  the  same 
phase  join  and  become  an  extra  strong  ray,  so  a  more 
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intense  green  light  will  pass  out  along  ///,  and  the  film 
is  more  transparent  to  green  light. 

If  the  film  had  been  half  as  thick  again,  so  that  the 
second  surface  was  in  the  position  shown  by  the  dotted 
line  3,  3,  then  there  would  have  been  a  loss  of  three 
half  waves  within  the  film,  and  this  combined  with  the 
phase  reversal  would  leave  the  corresponding  rays  dl,  dl 
in  the  same  phase,  and  green  light  would  be  brilliantly 
reflected.  At  the  same  time  the  twice  reflected  ray  df 
would  be  opposite  in  phase  to  the  stronger  refracted  ray 
^/"coming  from  c  direct,  and  so  the  ray  dfh  from  c  would 
be  weakened  by  the  addition  of  the  twice  reflected  ray, 
and  the  film  would  seem  less  transparent. 

Similarly  if  the  film  had  been  twice,  three  times  or  any 
whole  number  of  times  as  thick  as  the  film  shown  in 
Fig.  77,  green  light  would  not  be  seen  reflected,  whereas 
if  it  were  half  as  thick,  one  and  a  half  or  any-whole- 
number-plus-a-half  times  as  thick,  then  green  light  would 
be  brilliantly  seen,  that  is  of  course  if  as  is  so  far  supposed 
green  light  only  is  falling  on  the  film.  For  intermediate 
thicknesses  there  is  only  partial  interference,  and  the 
reflected  light  is  of  intermediate  intensity. 

It  is  interesting  to  consider  what  must  happen  if  the 
film  is  so  thin  that  the  wave  length  is  very  long  by  com- 
parison with  the  thickness,  say  forty  or  fifty  times  as 
great ;  then  the  thickness  may  be  considered  very  nearly 
equal  to  the  whole  number  o,  and  it  should  agree  with 
the  rule  of  the  whole  numbers  just  given,  and  fail  to 
reflect  green  light.  This  actually  is  the  case,  and  soap- 
bubbles  are  easily  prepared  so  thin  as  to  appear  black  by 
comparison  with  the  rest  of  the  film,  unless  the  whole  is 
black,  and  in  that  case  in  a  good  light  the  film  can  just 
be  seen.  Now  suppose  instead  of  green  light  we  take 
light  of  a  different  colour  and  wave-length,  e.g.  a  particular 
red  with  a  wave-length  of  ^J^y  or  twenty-seven  millionths 
of  an  inch  in  air,  then  if  the  film  of  Fig.  77  is  supposed  to  be 
thickened  in  the  same  proportion  as  that  by  which  the  wave- 
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length  of  red  is  greater  than  the  wave-length  of  green, 
that  is  in  the  proportion  of  27  to  20,  whenever  green 
light  would  be  reflected  or  would  fail  to  be  reflected 
with  the  thinner  film,  red  light  would  be  reflected  or 
would  fail  to  be  reflected  wiih  the  thicker  film.  Similarly 
if  blue  light  be  taken,  which  has  a  shorter  wave-length 
than  green,  a  correspondingly  thinner  film  will  give  the 
same  result  again.  And  so  for  every  colour  of  the 
spectrum. 

The  total  range  of  wave-lengths  in  the  visible  spectrum 
is  nearly  an  octave,  that  is  the  extreme  red  has  a  wave- 
length nearly  double  that  of  the  extreme  violet,  and  the 
green  is  about  in  the  middle. 

The  following  figures  are  examples — 


Wave-length  in 
air  in  millionths 
of  an  inch. 

Number  in  an  inch 
in  air. 

Wave-length  in 
water  in 
millionths  of  an 

Limit  of  Red  . 

30 

33,333 

22-5 

Red      ... 

27 

37,037 

20*3 

Yellow 

23 

43,478 

17-2 

Green  ... 

20 

50,000 

15-0 

Blue     ... 

18 

55555 

I3'5 

Violet  ... 

17 

58,824 

I2'8 

Limit  of  Violet 

15* 

64,516 

ii-6 

From  what  has  been  said  then  it  will  be  clear  that 
when  white  light  falls  upon  a  soap-film  the  consideration 
of  what  will  be  seen  is  not  simple,  for  every  colour  and 
wave-length  is  acted  upon  differently.  The  simplest  case 
is  that  of  the  very  thin  film  which  cannot  reflect  any  of 
the  colours,  it  is  simply  black.  We  shall  see  how  to 
prepare  these  later.  Suppose  the  film  gradually  to  in- 
crease in  thickness,  then  all  the  colours  begin  to  increase 
in  brilliancy,  more  especially  the  violet  and  blue,  and  the 
light  that  is  reflected  has  at  first  a  tinge  of  blue.  As 


Wave  length   in  water  in   millionths  J" 


Wave  lengths  in  air  in   millionths 
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it  gets  thicker  the  blue  and  violet  which  have  the  shortest 
wave-lengths  are  the  first  to  be  cut  out,  that  is,  when  the 
thickness  is  about  6  millionths  of  an  inch.  Now  the  red 
is  being  reflected  most  strongly  and  the  yellow  and  the 
green  less  strongly,  and  the  result  is  the  well-known 
straw  colour  of  tempered  steel.  As  the  film  gets  thicker 
the  green  light  fades  away,  and  the  straw  colour  darkens 
to  brown,  and  these  change  to  violet  and  blue  as  the 
yellow  and  red  in  turn  are  wiped  out.  As  the  film  gets 
thicker  still  each  of  the  colours  weaken,  vanish  and  grow 
again  in  turn,  but  all  at  different  rates,  and  it  becomes 
very  confusing  to  follow  the  process.  This  is  greatly 
simplified  by  the  use  of  the  coloured  plate,  which  is 
so  constructed  that  you  can  see  at  a  glance  what  colours 
are  present  in  the  reflected  light  from  a  soap-bubble  of 
any  thickness  from  nothing  up  to  50  millionths  of  an  inch, 
that  is,  if  the  light  strikes  and  is  reflected  from  the  bubble 
perpendicularly  or  nearly  so.  The  horizontal  shades  of 
colour  represent  the  colours  of  the  spectrum.  The  black 
lines  lettered  B,  C,  D,  E^b,F,G  are  the  more  conspicuous 
dark  lines  in  the  solar  spectrum  with  their  usual  designa- 
tions, and  these  serve  to  define  the  colours  by  reference 
to  a  real  spectrum  of  daylight.  At  the  left-hand  end  are 
scales  of  wave-lengths  in  air  of  the  range  of  the  visible 
spectrum,  and  at  the  right-hand  end  are  the  correspond- 
ing wave  lengths  in  water.  The  scale  below  is  a  scale 
showing  the  thickness  of  the  bubble  in  millionths  of  an 
inch,  and  the  shaded  bands,  which  become  more  and 
more  oblique  towards  the  right,  show,  for  any  thick- 
ness of  film,  which  colours  are  absent  or  are  present  in 
their  full  brilliancy  or  are  partly  obscured  in  the  reflected 
light.  Taking  a  bubble  of  thickness  4  millionths  of  an  inch 
and  holding  a  straight-edge  vertically  across  the  diagram 
from  the  division  of  the  lower  horizontal  scale  corre- 
sponding to  the  thickness  4  it  will  be  seen  that  it  lies 
wholly  in  a  bright  band,  showing  that  all  the  colours 
are  nearly  equally  present.  This  then  is  the  white  of 
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the  first  order.  As  the  edge  is  slowly  advanced  to  the 
right  it  will  be  seen  how  the  shaded  area  in  the  level 
of  the  violet  and  blue  begin  to  be  crossed.  The  sum 
of  all  the  remaining  colours,  due  allowance  being 
made  for  the  intensity  of  each  as  represented  by  the 
depth  of  shade,  gives  the  colour  that  is  seen  in  the 
soap-bubble,  and  this  is  the  straw  of  tempered  steel 
represented  in  the  colour  band  above  the  spectrum. 
By  the  time  the  straight-edge  has  reached  the  division 
corresponding  to  the  thickness  10  millionths  of  an  inch 
the  violet  and  blue  are  of  their  full  intensity,  the  green 
is  weak,  and  yellow  and  red  are  gone.  This  is  the 
blue  of  tempered  steel ;  the  same  colours  are  seen  in 
the  bubble.  As  the  straight-edge  moves  further  on  to 
the  right,  two,  three,  and  more  bands  are  successively 
intersected,  and  the  resultant  colour  becomes  more  and 
more  difficult  to  ascertain.  Actually  the  colour  of  a 
bubble  of  variable  thickness  may  be  examined  with  a 
spectroscope,  and  then  the  spectrum  is  seen  intersected 
by  one  or  more  inclined  bands,  and  the  shaded  part  of 
the  diagram  or  some  of  it  is  seen  with  all  the  colours 
true  and  brilliant.  No  imitation  with  pigments  can 
compare  with  this.  The  film  colours  of  the  first  few 
orders  that  are  near  the  left-hand  end  of  the  diagram 
and  which  are  imitated  crudely  in  the  upper  band  of 
colour  are  the  most  brilliant.  When  the  colour  is  made 
up  of  too  many  patches  distributed  all  down  the  spectrum 
the  colours  get  paler  and  degenerate  into  pale  shades  of 
red  and  green.  I  would  only  remark  here  that  you  cannot 
judge  of  the  colour  impression  produced  by  a  mixture  of 
colours  by  mixing  pigments  out  of  a  box  of  paints.  Thus 
blue  and  yellow  mixed  as  pigments  produce  green,  while 
blue  and  yellow  added  together  produce  the  impression  of 
white.  The  colours  of  pigments  are  really  the  result  of 
subtracting  the  complementary  colour  from  white.  By 
taking  two  pigments  and  mixing  them  more  is  sub- 
tracted from  white  and  only  that  which  both  contain  is 
seen.  Blue  and  yellow  pigments  both  contain  green, 
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hence  green  is  seen  when  the  pigments  are  mixed.  Blue 
and  yellow  added  together,  which  may  be  done  by 
painting  blue  and  yellow  sectors  on  a  card  and  spinning 
it,  using,  however,  much  more  yellow  than  blue,  appear 
white,  as  either  between  them  they  contain  all  the  colours 
that  go  to  make  up  white,  or  pure  blue  and  yellow  alone 
may  produce  the  sensation  of  white. 

The  series  of  colours  and  corresponding  thicknesses 
illustrated  in  the  coloured  plate,  are  calculated  on  the  sup- 
position that  the  light  falls  on  the  film  and  is  reflected  from 
it  vertically  or  very  nearly  so,  and  they  agree  in  position 
with  the  scale  of  colour  as  determined  by  Reinold  and 
Riicker.  If,  as  usually  happens,  the  light  falls  on  the  film 
obliquely  that  which  is  reflected  from  the  second  surface 
will  traverse  the  film  twice  obliquely  instead  of  twice  straight 
across.  It  will  therefore  travel  a  greater  distance  in  the  film, 
and  the  natural  expectation  is  that  it  would  be  retarded 
more  and  the  film  would  show  the  colour  of  a  thicker  film 
seen  vertically.  This  however  is  not  the  case.  With 
increased  obliquity,  while  the  length  of  the  path  bed 
(Fig.  77)  within  the  film  is  certainly  increased  it  must  be 
remembered  that  the  piece  pd  within  the  film  is  not 
counted,  as  it  balances  the  piece  od  in  the  air,  and  the 
distance  bep  only  has  to  be  considered  as  the  measure  of 
the  delay.  Now  with  increased  obliquity  the  distance  od 
rapidly  increases,  the  corresponding  distance  pd  similarly 
increases,  in  fact  it  increases  faster  than  the  total  dis- 
tance bed  within  the  film  increases,  and  so  the  remaining 
length  bep,  which  is  all  that  matters,  actually  gets  rather 
less. 

To  what  extent  this  is  the  case  can  be  seen  very  clearly 
from  the  construction  shown  in  Fig.  78,  in  which  the  film 
i,  i  2,  2  of  Fig.  77  is  drawn  in  thick  lines  together  with 
the  lines  be,  ed  and  bp.  Now  suppose  2,  2  to  be  a  mirror 
(as  it  is)  and  that  all  above  it  is  seen  reflected  in  it  below 
as  shown  by  the  thin  lines.  Then  by  very  elementary 
geometry  bep'  is  a  straight  line  and  b'p'  is  at  right  angles 
to  it.  Also  the  distance  bep,  which  we  wish  to  know  for 
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all  possible  inclinations  of  be  within  the  film,  is  equal  to 
the  straight  line  bep' ',  so  if  we  can  see  how  bep'  varies  in 
length  as  its  inclination  is  varied  we  shall  know  all  we 
want.  As  the  angle  bp'b'  is  a  right  angle,  a  semicircle 
drawn  on  W  as  a  diameter  will  pass  through  it.  Draw 
the  semicircle  therefore,  and  then  whatever  inclination  be 
may  have  the  length  of  the  line  be/  cut  off  by  the  semi 


circle  is  a  measure  of  the  delay  between  the  two  inter- 
fering rays.  It  will  be  noticed  that  as  the  inclination  is 
increased  the  chord  bp'  will  at  first  diminish  very  slowly 
indeed,  and  so  the  colours  of  a  soap-film  change  very 
little  when  seen  at  or  near  the  vertical.  As  the  in- 
clination of  the  line  bp'  to  the  film  becomes  less  its 
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length  diminishes  more  and  more  rapidly,  and  so  with 
oblique  illumination  the  colours  of  a  soap-film  not  only 
are  those  that  a  thinner  film  would  show  with  vertical 
illumination  but  the  change  becomes  increasingly  notice- 
able as  the  obliquity  becomes  greater.  As,  however, 
the  inclination  of  bp'  changes  very  little  with  consider- 
able change  of  the  inclination  of  the  ray  in  the  air 
where  this  is  very  oblique,  it  comes  about  that  the 
quickest  change  of  colour  occurs  when  the  external 
ray  makes  an  angle  of  39°  with  the  film.  As,  accord- 
ing to  the  construction  of  Fig.  77,  dp  cannot  be 
more  than  f  bd,  so  by  similar  triangles  b'p'  cannot 
be  more  than  £  bb',  and  so  b'x  equal  to  J  bb'  is  the 
greatest  possible  length  that  b'p'  can  attain,  and  bx 
making  an  angle  of  about  41°  with  the  film  is  the  least 
possible  inclined  ray  that  can  enter  the  film,  and  its 

length,  which  may  be  shown   to  be       —  of  bbr  or  very 

4 

nearly  §  bb',  is  a  measure  of  the  smallest  possible  delay 
for  a  ray  which  has  entered  the  film.  Thus  it  is  that  with 
a  grazing  incidence  of -the  light  outside  a  soap-film  cor- 
responding to  the  ray  bx  within  the  film  the  colour  is 
that  which  would  be  given  by  a  film  of  two-thirds  the 
thickness  seen  vertically.  The  following  table  shows  the 
factor  by  which  the  thickness  of  a  film  seen  obliquely 
must  be  reduced  in  order  to  give  the  thickness  that 
would  give  the  same  delay  with  vertical  illumination. 
By  the  use  of  this  table  and  the  coloured  plate  the  thick- 
ness of  any  soap-bubble  if  the  colour  can  be  recognized 
may  be  determined.  As  the  thickness  determines  the 
weight  I  have  added  to  the  plate  at  the  top  a  scale  show- 
ing the  weight  of  a  square  inch  of  a  film  of  any  colour  in 
thousandths  of  a  grain.  The  same  scale  gives  the  weight 
of  a  square  centimetre  in  thousandths  of  a  centigramme 
or  hundredths  of  a  milligramme  and  the  thickness  in  ten 
thousandths  of  a  millimetre. 
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Table  showing  the  fraction  by  which  the  thickness  of 
a  soap-film  seen  obliquely  is  to  be  multiplied  in  order  to 
give  the  thickness  of  a  film  that  would  give  the  same 
colour  with  vertical  illumination  : — 


Inclination  of  ray  in  air. 

Inclination  of  ray  in  the 
film. 

Fraction. 

0° 

41°  25' 

•6615 

10° 

42°  23' 

•6741 

20° 

45°  n' 

7094 

30° 

49°  30' 

7604 

40° 

54°  56' 

•8185 

6 

61°  n' 
67°  59' 

•8762 
•9271 

70° 

75'    8' 

•9665 

80° 

82°  31' 

•9915 

90° 

90°    o' 

I  '0000 

As  three  things  may  change,  and  when  different  parts  of 
a  spherical  bubble  are  looked  at  do  all  change  at  once, 
namely  the  wave-length,  the  thickness  and  the  inclination,  it 
is  not  surprising  that  there  is  so  great  a  wealth  and  variety  of 
colour  and  that  the  out-of-door  bubbles  already  described 
are  so  attractive.  For  the  same  reason  a  spherical  bubble 
is  not  the  most  convenient  to  employ  when  comparing  the 
actual  fact  with  the  result  of  the  theory  as  I  have  given  it. 

For  this  purpose  a  plane  film  on  a  metal  ring  is  suit- 
able, and  it  is  most  convenient  to  make  the  ring  with 
three  feet  as  a  tripod  so  that  it  will  stand  level,  or  nearly 
so,  and  a  glass  shade  should  be  provided  to  put  over  it 
to  keep  off  draughts  and  diminish  evaporation.  If  there 
is  glycerine  in  the  liquid  the  thinning  process  is  much 
more  slow  than  it  is  with  a  pure  soap-and-water  solution. 
With  this  last  it  is  best  to  put  wet  black  paper  on  a  plate 
below  the  film  or  in  the  shade,  and  the  background 
against  which  the  film  is  viewed  should  be  black  or  as 
dark  as  possible,  and  if  this  is  shaded  from  the  light  as 
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well  so  much  the  better.  It  is  best  to  make  observations 
in  a  window  facing  away  from  the  sun,  and  a  sky  with 
white  clouds  is  best. 

In  order  to  stretch  a  film  over  the  ring  dip  it  in  soap 
solution  and  place  it  so  that  it  is  not  quite  level  and 
cover  it  with  the  glass  shade  immediately.  Instead  of 
dipping  stroke  a  piece  of  thin  celluloid  which  has  been 
wetted  with  the  soap  solution  over  the  ring.  As  the 
film  gets  thinner  owing  to  the  process  of  draining,  the 
higher-order  colours,  pale  pinks  and  greens,  will  appear 
across  the  film,  and  at  the  highest  level,  the  lower- 
order  colours  of  brighter  hues  will  be  seen  succes- 
sively. The  paler  tints  pass  gradually  down  the  film 
and  the  brighter  bands  widen  out  and  the  succession 
of  colours  imperfectly  set  out  at  the  top  of  the  coloured 
plate  will  gradually  widen  out  and  pervade  the  film. 
If  there  is  no  glycerine  in  the  soap  solution  black 
spots  will  very  soon  appear  in  the  white,  and  very  often 
the  formation  of  one  is  followed  by  a  host  of  others  in 
rapid  succession,  and  a  larger  area  of  black  is  formed. 
When  black,  the  film  is  either  -giroiwo-  or  TOUWOCT  mcn 
thick  and  is  very  tender.  The  thinner  film  is  the 
blacker  of  the  two.  These  thicknesses  obviously  cannot 
be  determined  by  mechanical  means.  Reinold  and 
Riicker,  Stansfield  and  Drude  have  all  made  accurate 
observations  on  these  films.  Using  two  optical  and  one 
electrical  method  these  observers  have  between  them  found 
the  thickness  to  be  as  just  stated.  One  of  the  optical 
methods  depends  on  interference  of  two  beams  of  light, 
one  or  other  of  which  passes  through  a  great  number  of 
black  films  which  optically  lengthen  the  path  by  a  third  of 
their  combined  thickness.  Drude  has  kept  his  black 
films  under  observation  as  long  as  three  weeks,  but 
unless  the  air  round  them  is  as  moist  as  the  soap  solution 
can  make  it  the  black  film  breaks  very  soon  in  conse- 
quence of  evaporation.  Going  back  to  the  coloured 
part  of  the  film  the  order  in  which  the  colours  appear  is 
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so  to  speak  backwards,  those  due  to  the  thicker  films 
appearing  first.  After  several  very  pale  pink  and  bluish 
or  greenish  bands  have  appeared  a  salmon  pink  and  bluish 
green  pair  of  bands  seem  quite  conspicuous  and  highly 
coloured.  The  film  is  then  if  seen  at  a  steep  angle  from 
25  to  30  millionths  of  an  inch  thick.  The  bluish  green  is 
succeeded  by  a  reddish  purple,  and  this  at  once  distin- 
guishes it  from  the  thinner  and  brighter  apple  green 
which  is  followed  by  blue  and  then  by  reddish  purple. 
The  yellow  that  follows  this  is  the  only  good  yellow 
in  the  whole  series  of  colours.  This  changes  to  blue 
through  an  intermediate  and  imperfect  white  when 
the  film  is  about  12  millionths  of  an  inch  thick.  This 
blue  and  the  succeeding  purple,  brown  and  straw  colour 
are  the  colours  of  tempered  steel  formed  in  the  same 
way  in  the  thin  film  of  oxide.  While  this  blue  and 
purple  in  the  soap-film  vie  with  the  convolvulus  in  the 
glory  of  its  colour,  it  is  curious  that  when  the  bands  of 
colour  are  very  narrow  this  tempered  steel  group  appears 
like  a  black  band  between  the  two  white  bands  or  like  a 
black  band  with  a  fiery  copper-coloured  edge  on  the  thin 
side.  The  colours  of  the  thicker  parts  of  the  soap- 
bubble  are  pale  or  barely  visible,  not  because  there  is 
any  failure  in  the  operation  of  the  interference  as 
described,  but  because,  as  the  coloured  plate  makes 
clear,  the  higher-order  colours  are  the  result  of  combining  • 
so  many  patches  of  colour  evenly  distributed  along  the 
spectrum.  It  is  easy  to  show  that  the  interference- 
goes  on  to  far  greater  thicknesses  than  50  millionths  of 
an  inch,  at  which  the  diagram  comes  to  an  end,  by  using 
instead  of  white  light,  light  of  one  colour  only.  This  is 
imperfectly  but  most  easily  effected  by  looking  through  a 
sheet  of  ruby  glass,  such  as  is  used  by  photographers. 
Immediately  the  pale  pinks  and  greens  become  conspicu- 
ous reds  and  blacks,  and  these  bands  are  continued  into 
parts  of  the  film  which  show  no  colour  when  observed 
directly.  A  far  better  source  of  light  is  the  yellow  flame 
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obtained  by  holding  a  salted  wick  so  as  just  to  touch  the 
base  of  the  flame  of  a  spirit  lamp  or  of  a  bunsen  gas 
burner.  With  this  light  nearly  500  bands  may  be  seen. 
The  light  which  passes  through  red  glass  covers  a  certain 
range  in  the  spectrum  even  though  only  red  light 
passes  through  it,  the  orange  red  has  a  shorter  wave- 
length than  the  deep  red.  When  therefore  the  soap-film 
is  perhaps  ten  times  as  thick  as  that  which  produces  the 
first  dark  band  in  the  red,  say  as  much  as  T^JJ-^  inch, 
the  eleventh  bright  band  of  the  shorter  wave  and  the 
tenth  dark  band  of  the  longer  wave  may  be  formed 
together  and  the  bands  cease  to  be  visible.  In  the  same 
way  when  the  film  is  about  500  times  as  thick  as  that 
which  gives  the  first  yellow  dark  band,  the  two  colours 
of  the  salt  vapour  which  differ  in  wave-length  by  about 
i  in  1000  are  in  opposite  phases  and  the  bands  disap- 
pear. With  a  film  of  double  this  thickness,  however, 
they  are  in  the  same  phase  again  and  the  bands  re-appear. 
Even  though  the  bands  disappear,  that  is  are  not 
visible  to  the  eye  because  the  two  yellow  colours  in  the 
salt  flame  cannot  in  this  way  be  distinguished  by  the  eye, 
they  are  there  all  the  same  and  with  sufficiently  delicate 
spectroscopic  means  they  could  still  be  made  visible,  but 
I  am  not  aware  that  any  one  has  done  this. 

The  colours  of  thin  films  which  have  been  described 
with  reference  more  especially  to  a  water-film,  are  often 
seen  in  thin  films  other  than  water.  The  motorcar 
has  brought  oil  on  to  the  roads  in  all  our  towns,  and 
when  these  are  wet  large  areas  of  highly  coloured  oil- 
film  may  often  be  seen.  Cracks  in  glass  often  show 
these  colours,  and  pressure  will  cause  the  colours  to 
change  as  the  crack  opens  and  shuts  a  few  millionths 
of  an  inch.  It  is  pretty  obvious  that  it  is  not  possible 
to  measure  the  thickness  of  a  soap-film  with  any  kind  of 
screw  micrometer  or  calliper,  but  the  fact  that  the  colours 
and  thicknesses  of  air-  or  water-films  between  glass 
surfaces  agree  as  indicated  by  the  theory  of  interference 
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may  be  proved  by  observing  them  in  the  thin  film 
between  a  very  slightly  curved  lens,  and  a  glass  plate 
when  the  thickness  at  any  known  distance  from  the 
point  of  contact  may  easily  be  calculated.  These  are 
the  rings  observed  by  Sir  Isaac  Newton.  It  may  be 
worth  while  to  mention  here  that  the  part  of  the  theory 
which  at  first  appears  unconvincing,  namely  the  phase 
reversal  resulting  from  the  two  kinds  of  reflection, 
causing  the  dark  and  bright  bands  to  change  places  as 
from  the  positions  which  they  would  occupy  if  delay 
only  operated,  may  be  confirmed  experimentally. 

By  choosing  two  solids  through  which  light  travels, 
one  as  slowly  and  the  other  as  quickly  as  possible,  and 
a  liquid  through  which  light  travels  at  an  intermediate 
speed,  and  making  a  thin  film  of  the  liquid  between  the 
two  solids  there  is  no  change  of  condition  in  the  two 
reflections.  Light  either  travels  progressively  more  slowly 
or  more  quickly  in  passing  through  the  three  materials. 
If  then  one  or  other  condition  of  reflection  gives  rise 
to  an  abrupt  reversal  of  phase,  then  this  reversal  will 
occur  either  not  at  all  or  twice  according  to  the  direction 
of  the  light  through  the  three  materials,  and  either  way 
there  will  be  no  ultimate  reversal,  and  the  centre  spot 
of  a  Newton  ring  system  will  be  white  and  not  black  as 
it  is  when  a  film  of  air  is  between  two  glass  surfaces. 
The  material  that  is  commonly  met  with  through  which 
light  travels  most  slowly  is  diamond.  Light  takes  about 
two  and  a  half  times  as  long  to  pass  through  a  piece  of 
diamond  as  it  does  to  travel  the  same  distance  in  a 
vacuum.  Next  to  diamond  is  the  flashing  gem  stone 
zircon  or  jargopn,  the  time  of  which  is  1*9.  Then  follow 
the  ruby  and  sapphire,  and  after  that  ordinary  kinds 
of  glass.  The  flat  table  of  a  brilliant  cut  diamond  or 
zircon  may  therefore  be  used  for  the  lower  surface.  Of 
liquids,  the  evil-smelling  and  highly  inflammable  carbon 
bisulphide  is  the  best,  as  light  takes  1*63  times  as  long 
to  pass  through  this  as  through  a  vacuum,  but  oil  of 
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bitter  almonds  or  aniline  with  times  of  i'6  and  1*57 
respectively  both  answer  perfectly.  Then  for  the  upper 
material  a  common  glass  spectacle  lens  convex  and  of 
little  power  with  a  time  1*5  does  well,  and  it  is  easily 
obtained.  To  make  the  experiment  fix  a  ring  or  bracelet 
with  a  brilliant  cut  stone  upwards.  On  the  upper  face 
place  a  minute  drop  of  the  liquid  and  then  press  one 
face  of  the  lens  near  its  edge  on  to  the  face  of  the  gem, 
thus  squeezing  the  liquid  into  a  thin  film.  The  reason 
for  using  a  part  of  the  lens  near  the  edge  is  that  there 
the  upper  face  of  the  lens  is  not  quite  parallel  to  the 
lower  face,  and  light  from  a  restricted  source  may  be 
reflected  from  the  face  of  the  gem  into  the  eye  while 
light  reflected  from  the  upper  surface  of  the  lens  misses 
the  eye.  Then  if  the  place  of  contact  is  clean,  and  if 
it  is  examined  with  a  good  pocket-lens  a  small  ring  system 
will  be  seen  with  a  white  centre.  With  the  same  appliances 
but  without  the  liquid  the  ordinary  Newton  rings  with 
a  black  centre  will  be  seen  of  a  far  greater  brilliancy. 
If  instead  of  aniline  water  is  used  as  an  intermediate 
fluid  the  centre  of  the  ring  system  will  be  seen  black  as 
it  should  be.  There  is  a  curious  appearance  which  may 
be  seen  with  aniline  or  with  water,  but  not  with  carbon 
bisulphide.  While  pressing  the  lens  upon  the  gem  with 
the  fingers  the  point  of  contact  moves  about,  and  when 
this  is  the  case  a  brilliant  white  spot  follows  the  centre 
spot.  This  is  caused  by  a  small  bubble  of  vacuum,  for 
the  liquid  cannot  follow  the  movement,  slow  as  it  actually 
is,  and  insinuate  itself  quickly  enough  into  a  crack  less 
than  xW'ooTF  ^nc^  thick.  Carbon  bisulphide  is  so 
mobile  that  this  liquid  follows  perfectly.  The  other 
extreme  is  glycerine,  which  at  each  movement  leaves 
vacuum  bubbles  large  enough  to  enclose  several  rings, 
and  then  these  can  be  seen  on  the  one  side  and  the 
smaller  corresponding  rings  in  the  glycerine  can  be  seen 
on  the  other  side  of  the  central  spot. 

While  in  discussing  the  theory  I  merely  stated  that  as 
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a  fact  there  was  a  reversal  of  phase  relatively  one  to  the 
other  in  the  rays  reflected  from  the  air-water  and  the 
water-air  surfaces  and  that  it  did  not  matter  whether  the 
reversal  took  place  all  at  one  surface  or  all  at  the  second, 
or  partly  at  one  and  partly  at  the  other,  the  result  was 
nevertheless  such  that  the  two  rays  always  showed 
relatively  to  one  another  a  reversal  of  phase  as  com- 
pared with  what  they  would  show  if  the  extra  path  of  one 
alone  was  operative.  The  late  Sir  George  Stokes  showed 
by  a  process  of  pure  reasoning  that  this  must  be  so. 
This  part  of  his  interesting  theorem  requires  no  mathe- 
matical expression,  and  I  can  therefore  give  it  here. 
The  theorem  is  based  on  the 
principle  that  if  a  beam  of  light 
which  has  been  broken  up  into 
two  or  any  number  by  reflection, 
refraction  or  other  action  not 
involving  absorption  could  be 
reversed  in  direction  so  as  to 
retrace  its  path,  the  original  beam 
and  no  other  would  be  exactly 
reproduced. 

The  beam  ab  Fig.  79  on  striking 
water  obliquely  is  divided  into 
two,  be  weaker  than  ab  refracted 
into  the  water  and  bd  weaker  than 
ab  reflected  back  into  the  air. 
Now  if  these  two  are  reversed  they  must  reproduce  ab 
reversed  or  ba  and  no  other,  db  alone,  however,  would 
make  a  beam  ba  weaker  than  itself  and  a  beam  be  weaker 
than  itself,  cb  would  do  likewise.  As  be  does  not  exist  the 
contributions  which  each  make  to  be  must  be  equal  and 
opposite,  leaving  their  full  values  free  to  go  into  ba  and 
reproduce  it.  As  each  beam  in  the  supposed  operation 
of  contributing  to  be  enters  water  once  that  part  of  the 
operation  is  the  same  for  both.  On  the  other  hand  each 
beam  is  reflected  once,  but  one  reflection  is  from  water 
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while  the  other  is  from  air,  and  since  the  complete  result 
is  absence  of  be  the  phases  resulting  from  the  two  kinds 
of  reflection  must  be  opposite  and  the  intensities  equal. 
Further,  since  the  two  contributions  to  ba  reproduce  ab 
of  its  original  intensity  they  must  be  in  the  same  phase. 
As  one  of  the  contributing  beams  has  been  reflected 
twice  while  the  other  has  made  an  entry  into  and  an  exit 
from  water,  these  two  pairs  of  operations  must  have 
produced  either  no  change  of  phase  or  an  equal  change 
of  phase,  and  the  intensities  must  be  such  that  the 
energy  travelling  up  ba  after  two  reflections  from  water 
added  to  that  which  is  left  after  one  entry  and  one  exit 
will  amount  to  the  energy  in  the  original  beam.  When 
in  this  argument  entries  and  exits  and  the  two  kinds  of 
reflection  are  spoken  of  the  relations  are  only  true  for 
such  pairs  of  inclinations  to  the  film  in  air  and  in  water  as 
result  from  refraction,  not  for  any  inclinations  nor  even 
for  equal  inclinations.  The  applications  of  these  results 
to  the  colours  of  Newton's  rings  is  not  altogether  simple, 
because,  as  is  explained  on  p.  145,  the  complete  theory  of 
these  rings  requires  that  account  should  be  taken  of  all  the 
light  which  emerges  from  within  the  film  and  not  only  of 
the  first  beam  reflected  from  the  second  surface.  It  is 
only  then  that  the  first  and  second  surface  reflections  are 
exactly  equal  to  one  another  in  amount.  The  first  of  the 
reflections  from  the  second  surface  has,  however,  the 
preponderating  influence,  and  Stokes's  theorem  just  given 
at  least  shows  the  reversal  of  phase  as  between  the  two 
classes  of  reflection,  and  so  it  is  that  the  central  spot  is 
dark  and  not  light  in  the  usual  case.  I  would  only  add 
that  in  evaluating  the  intensity  after  a  succession  of  identi- 
cal operations  this  is  reduced  in  the  same  proportion,  while 
the  phase  is  changed  by  the  same  amount,  each  time. 

The  actual  process  of  draining  of  the  soap  solution  be- 
tween the  two  surfaces  of  a  film  is  excessively  slow,  and 
with  thin  highly  coloured  films  slow  beyond  all  expect- 
ation. Prof.  Willard  Gibbs  has  calculated  the  rate  at 
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which  the    liquid  will  drain  in    vertical   films  of  very 
varied  thickness. 


Thickness  of  Film. 
400  millionths  of  an  inch. 
40          ,,  ,, 

4 


Rate  of  Downward  Movement. 
^3-0  inch  a  second, 
r^    „     a  miuute. 
•fa     ,,     an  hour. 


If  then  there  were  no  evaporation  and  no  other  cause 
of  thinning,  the  process  of  reaching  the  black  stage  would 
be  far  greater  than  it  is. 


FIG.  80. 

Perhaps  the  most  interesting  of  the  methods  by  which 
the  plane  film  held  in  a  ring  gets  thinner  and  one  which 
when  understood  is  extremely  interesting  to  watch, 
especially  with  a  good  lens,  was  described  by  Prof.  Willard 
Gibbs.  Suppose  a,  Fig.  80,  to  be  a  section  of  the  side 
of  the  wire  and  b  to  be  a  section  of  the  film  on  a 
very  highly  magnified  scale,  then  where  the  edges  of 
the  film  meet  the  wire  they  do  not  meet  it  abruptly 
or  at  right  angles  but  bend  round  as  shown  in  the 
figure  to  meet  it  tangentially.  Now  the  size  of  these 
curves  simply  depends  on  the  amount  of  liquid  which 
will  remain  at  all  in  the  first  instance.  When  the 
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curved  triangle  c  bounded  by  the  wire  and  the  two 
water  surfaces  is  large  the  liquid  within  it  drains  from 
the  wire  very  quickly,  and  it  soon  assumes  a  size  which 
the  eye  shows  to  exist  but  to  be  excessively  small.  Now 
suppose  the  radius  of  curvature  shown  dotted  from  d 
to  be  y^oF  mch,  and  it  need  not  be  more,  the  curved 
stretched  film  will  exert  a  suction  on  the  liquid  in  the  tri- 
angular space.  The  extent  of  this  suction  is  easily  ascer- 
tained as  it  is  the  same  as  that  at  the  curved  surface  of 
water  lifted  by  capillarity  (see  p.  26)  between  two  parallel 
plates  twice  this  distance  or  j^  inch  apart.  The  weight 
of  water  lifted  in  a  film  one  inch  wide  between  two  such 
plates  is  equal  to  the  upward  pull  due  to  capillarity  on  the 
plates,  and  this  in  the  case  of  soapy  water  is  just  over  ij 
grains  to  the  linear  inch  on  each  plate  or  2  J  grains  in  all. 
What  length  of  water  trough  one  inch  wide  and  -5  J^-  inch 
deep  will  contain  2}  grains  weight  of  water?  A  cubic 
inch  of  water  weighs  252^-  grains.  One  five-hundreth  of 
this  is  almost  exactly  half  a  grain  and  therefore  five  inches 
of  the  trough  will  be  needed  to  contain  2\  grains.  The 
water  therefore  would  rise  to  a  height  of  five  inches  be- 
tween the  plates,  and  the  suction  is  therefore  that  due  to 
a  drain  pipe  filled  with  water  dipping  into  water  five  inches 
below  the  triangle.  This  is  the  suction  within  the  triangle, 
but  at  b  where  the  films  are  plane,  though  equally  tightly 
stretched,  they  exert  no  suction.  The  triangular  thick- 
ening therefore  of  the  film  along  the  wire  acts  as  a 
constant  suction  to  the  film.  If  the  film  is  set  exactly 
level  the  operation  of  this  suction  can  be  readily  ob- 
served under  a  lens.  Small  highly-coloured  pear-shaped 
patterns  develop  at  very  regular  intervals  all  round  the 
film.  If  the  film  is  slightly  inclined  these  coloured  and 
lighter  places,  lighter  because  thinner,  tend  upwards 
and  the  continuous  formation  of  coloured  tadpole-shaped 
figures  which  swim  to  the  top  one  after  the  other  is  one 
cause  of  the  formation  of  the  thin  areas  at  the  upper  part 
of  the  film.  The  colours  of  these  figures  are  always  those 
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of  a  thinner  film  than  that  in  which  they  grow,  and  when 
this  film  is  very  thin  even  black  figures  with  coloured 
edges  may  be  seen.  It  must  be  remembered  that  just  as 
when  liquids  are  dealt  with  in  bulk  the  lighter  as  measured 
say  in  pounds  to  the  gallon  or  grains  to  the  cubic  inch  float 
on  the  heavier,  e.  g.  oil  floats  on  water  and  both  float  on 
mercury,  so  in  these  films,  where  closely  adjacent  parts 
show  no  disposition  to  mix  and  average  their  thickness 
and  where  all  the  liquid  has  the  same  density  as  measured 
in  grains  to  the  cubic  inch,  the  weight  of  a  square  inch  of 
one  coloured  film  is  different  to  that  of  a  square  inch  of 
another  coloured  film  ;  the  thinner  and  therefore  lighter 
parts  tend  to  float  through  and  above  the  thicker  and 
heavier  parts  and  so  sort  themselves  in  layers  of  the  same 
thickness  and  colour.  It  is  in  scientific  language  a  case 
of  surface  density  instead  of  volume  density.  I  have 
sought  to  prevent  the  formation  of  the  coloured  edge 
patterns  by  making  a  ring  with  an  edge  so  fine  that  I 
confidently  expected  it  would,  so  to  speak,  split  a  bubble. 
I  have  had  the  advantage  of  seeing  the  whole  process  of 
manufacture  of  the  blades  of  the  Gillette  razor,  and  I 
know  of  no  edge  which  is  equal  to  this  in  the  perfection 
of  its  thinness.  On  making  up  a  square  ring  of  four  new 
Gillette  blades  just  meeting  at  the  corners  I  found  that 
the  formation  of  the  coloured  patterns  in  the  film  along 
the  edge  was  very  much  reduced  as  compared  with  that 
along  a  wire  or  a  roughly  turned  edge,  but  I  could  not 
entirely  get  rid  of  them. 

The  examination  of  a  thinning  and  slightly  inclined 
film  is  so  fascinating  and  the  variety  of  patterns  and 
movements  is  so  great  that  it  is  impossible  to  describe 
all  that  may  be  seen.  I  would  only  urge  any  one  who 
has  taken  any  interest  to  set  up  the  very  simple  apparatus 
required,  and  whether  using  soap  and  water,  soap  and 
water  containing  some  glycerine,  or  the  carefully  pre- 
pared and  pure  mixture  described  on  p.  170,  there  will 
be  abundant  reward. 
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1  HOPE  that  the  following  practical  hints  may  be  found 
useful  by  those  who  wish  themselves  to  perform  success- 
fully the  experiments  already  described. 

Drop  with  India-rubber  Surface 

A  sheet  of  thin  india-rubber,  about  the  thickness  of 
that  used  in  air-balls,  as  it  appears  before  they  have  been 
blown  out,  must  be  stretched  over  a  ring  of  wood  or 
metal  eighteen  inches  in  diameter,  and  securely  wired 
round  the  edge.  The  wire  will  hold  the  india-rubber 
better  if  the  edge  is  grooved.  This  does  not  succeed  if 
tried  on  a  smaller  scale.  This  experiment  was  shown 
by  Sir  W.  Thomson  at  the  Royal  Institution. 

Jumping  Frame 

This  is  easily  made  by  taking  a  light  glass  globe  about 
two  inches  in  diameter,  such,  for  instance,  as  a  silvered 
ball  used  to  ornament  a  Christmas-tree  or  the  bulb  of  a 
pipette,  which  is  what  I  used.  Pass  through  the  open 
necks  of  the  bulb  a  piece  of  wire  about  one-twentieth  of 
an  inch  in  diameter,  and  fix  it  permanently  and  water- 
tight upon  the  wire  by  working  into  the  necks  melted 
sealing-wax.  An  inch  or  two  above  the  globe,  fasten  a 
flat  frame  of  thin  wire  by  soldering,  or  if  this  is  too 
difficult,  by  tying  and  sealing-wax.  A  lump  of  lead  must 
then  be  fastened  or  hung  on  to  the  lower  end,  and 
gradually  scraped  away  until  the  wire  frame  will  just  be 
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unable  to  force  its  way  through  the  surface  of  the  water. 
None  of  the  dimensions  or  materials  mentioned  are  of 
importance. 

Paraffined  Sieve 

Obtain  a  piece  of  copper  wire  gauze  with  about  twenty 
wires  to  the  inch,  and  cut  out  from  it  a  round  piece 
about  eight  inches  in  diameter.  Lay  it  on  a  round 
block,  of  such  a  size  that  it  projects  about  one  inch  all 
round.  Then  gently  go  round  and  round  with  the 
hands  pressing  the  edge  down  and  keeping  it  flat  above, 
until  the  sides  are  evenly  turned  down  all  round.  This 
is  quite  easy,  because  the  wires  can  allow  of  the  kind  of 
distortion  necessary.  Then  wind  round  the  turned-up 
edge  a  few  turns  of  thick  wire  to  make  the  sides  stiff. 
This  ought  to  be  soldered  in  position,  but  probably 
careful  wiring  will  be  good  enough. 

Melt  some  paraffin  wax  or  one  or  two  paraffin  candles 
of  the  best  quality  in  a  clean  flat  dish,  not  over  the  fire, 
which  would  be  dangerous,  but  on  a  hot  plate.  When 
melted  and  clear  like  water,  dip  the  sieve  in,  and  when 
all  is  hot  quickly  take  it  out  and  knock  it  once  or  twice 
on  the  table  to  shake  the  paraffin  out  of  the  holes. 
Leave  upside  down  until  cold,  and  then  be  careful  not  to 
scratch  or  rub  off  the  paraffin.  This  had  best  be  done  in 
a  place  where  a  mess  is  of  no  consequence. 

There  is  no  difficulty  in  filling  it  or  in  setting  it  to 
float  upon  water. 

Narrow  Tubes  and  Capillarity 

Get  some  quill-glass  tube  from  a  chemist,  this  is,  tube 
about  the  size  of  a  pen.  If  it  is  more  than,  say,  a  foot 
long,  cut  off  a  piece  by  first  making  a  firm  scratch  in  one 
place  with  a  three-cornered  file,  when  it  will  break  at  the 
place  easily.  To  make  very  narrow  tube  from  this,  hold 
it  near  the  ends  in  the  two  hands  very  lightly,  so  that 
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the  middle  part  is  high  up  in  the  brightest  part  of  an 
ordinary  bright  and  flat  gas  flame.  Keep  it  turning 
until  at  last  it  becomes  so  soft  that  it  is  difficult  to  hold 
it  straight.  It  can  then  be  bent  into  any  shape,  but  if  it 
is  wanted  to  be  drawn  out  it  must  be  held  still  longer 
until  the  black  smoke  upon  it  begins  to  crack  and  peel 
up.  Then  quickly,  take  it  out  of  the  flame,  and  pull  the 
two  ends  apart,  when  a  long  narrow  tube  will  be  formed 
between.  This  can  be  made  finer  or  coarser  by 
regulating  the  heat  and  the  manner  in  which  it  is  pulled 
out.  No  directions  will  tell  any  one  so  much  as  a  very 
little  practice.  For  drawing  out  tubes  the  flame  of  a 
Bunsen  burner  or  of  a  blow-pipe  is  more  convenient ; 
but  for  bending  tubes  nothing  is  so  good  as  the  flat  gas 
flame.  Do  not  clean  off  smoke  till  the  tubes  are  cold, 
and  do  not  hurry  their  cooling  by  wetting  or  blowing 
upon  them.  In  the  country  where  gas  is  not  to  be  had, 
the  flame  of  a  large  spirit-lamp  can  be  made  to  do,  but 
it  is  not  so  good  as  a  gas-flame.  The  narrower  these 
tubes  are,  the  higher  will  clean  water  be  observed  to 
rise  in  them.  To  colour  the  water,  paints  from  a  colour- 
box  must  not  be  used.  They  are  not  liquid,  and  will 
clog  the  very  fine  tubes.  Some  dye  that  will  quite 
dissolve  (as  sugar  does)  must  be  used  An  aniline  dye, 
called  soluble  blue,  does  very  well.  A  little  vinegar 
added  may  make  the  colour  last  better. 

Capillarity  between  Plates 

Two  plates  of  flat  glass,  say  three  to  five  inches  square, 
are  required,  Provided  they  are  quite  clean  and  well 
wetted  there  is  no  difficulty.  A  little  soap  and  hot  water 
will  probably  be  sufficient  to  clean  them. 

Tears  of  Wine 

These  are  best  seen  at  dessert  in  a  glass  about  half 
filled  with  port.  A  mixture  of  from  two  to  three  parts 
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of  water,  and  one  part  of  spirits  of  wine  containing  a 
very  little  rosaniline  (a  red  aniline  dye),  to  give  it  a  nice 
colour,  may  be  used,  if  port  is  not  available.  A  piece 
of  the  dye  about  as  large  as  a  mustard-seed  will  be 
enough  for  a  large  wine-glass.  The  sides  of  the  glass 
should  be  wetted  with  the  wine. 

Cat-Boxes 

Every  school-boy  knows  how  to  make  these.  They 
are  not  the  boxes  made  by  cutting  slits  in  paper.  They 
are  simply  made  by  folding,  and  are  then  blown  out  like 
the  "  frog, "  which  is  also  made  of  folded  paper. 

Liquid  Beads 

Instead  of  melting  gold,  water  rolled  on  to  a  table 
thickly  dusted  with  lycopodium,  or  other  fine  dust,  or 
quicksilver  rolled  or  thrown  upon  a  smooth  table,  will 
show  the  difference  in  the  shape  of  large  and  small  beads 
perfectly.  A  magnify  ing-glass  will  make  the  difference 
more  evident.  In  using  quicksilver,  be  careful  that  none 
of  it  falls  on  gold  or  silver  coins,  or  jewellery,  or  plate,  or 
on  the  ornamental  gilding  on  book-covers.  It  will  do 
serious  damage. 

Plateau 's  Experiment 

To  perform  this  with  very  great  perfection  requires 
much  care  and  trouble.  It  is  easy  to  succeed  up  to  a 
certain  point.  Pour  into  a  clean  bottle  about  a  table- 
spoonful  of  salad-oil,  and  pour  upon  it  a  mixture  of  nine 
parts  by  volume  spirits  of  wine  (not  methylated  spirits), 
and  seven  parts  of  water.  Shake  up  and  leave  for  a  day 
if  necessary,  when  it  will  be  found  that  the  oil  has  settled 
together  by  itself.  Fill  a  tumbler  with  the  same  mixture 
of  spirit  and  water,  and  then  with  a  fine  glass  pipe,  dip- 
ping about  half-way  down,  slowly  introduce  a  very  little 
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water. .  This  will  make  the  liquid  below  a  little  heavier. 
Dip  into  the  oil  a  pipe  and  take  out  a  little  by  closing 
the  upper  end  with  the  finger,  and  carefully  drop  this 
into  the  tumbler.  If  it  goes  to  the  bottom,  a  little  more 
water  is  required  in  the  lower  half  of  the  tumbler.  If  by 
chance  it  will  not  sink  at  all,  a  little  more  spirit  is 
wanted  in  the  upper  half.  At  last  the  oil  will  just  float 
in  the  middle  of  the  mixture.  More  can  then  be  added, 
taking  care  to  prevent  it  from  touching  the  sides.  If 
the  liquid  below  is  ever  so  little  heavier,  and  the  liquid 
above  ever  so  little  lighter  than  oil,  the  drop  of  oil 
perhaps  as  large  as  a  halfpenny  will  be  almost  perfectly 
round.  It  will  not  appear  round  if  seen  through  the 
glass,  because  the  glass  magnifies  it  sideways,  but  not  up 
and  down,  as  may  be  seen  by  holding  a  coin  in  the 
liquid  just  above  it.  To  see  the  drop  in  its  true  shape 
the  vessel  must  either  be  a  globe,  or  one  side  must  be 
made  of  flat  glass.  An  inverted  clock  shade  with  flat 
sides  does  well. 

Spinning  the  oil  so  as  to  throw  off  a  ring  is  not 
material,  but  if  the  reader  can  contrive  to  fix  a  disc 
about  the  size  of  a  threepenny-piece  upon  a  straight  wire, 
and  spin  it  round  without  shaking  it,  then  he  will  see 
the  ring  break  off,  and  either  return  if  the  rotation  is 
quickly  stopped,  or  else  break  up  into  three  or  four 
perfect  little  balls.  The  disc  should  be  wetted  with  oil 
before  being  dipped  into  the  mixture  of  spirit  and  water. 

Other  Liquids 

I  do  not  recommend  the  bisulphide  of  carbon  mixture 
described  in  the  text,  owing  to  the  smell  and  danger  of 
using  this  material.  Actually  the  orthotoluidine  used  by 
Mr.  Darling  is  by  far  the  most  convenient,  and  it  answers 
every  purpose  except  that  of  breaking  out  into  a  ring 
when  rotated.  For  this  to  succeed  the  more  viscous  oil 
originally  used  by  Plateau  is  better  than  anything  else. 
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A  Good  Mixture  for  Soap-bubbles 

Common  yellow  soap  is  far  better  than  most  of  the 
fancy  soaps.  Castille  soap  used  to  be  very  good,  and 
this  may  be  obtained  from  any  chemist;  but  olive  oil 
from  which  it  should  be  made  is  now  generally  mixed 
with  cotton  seed  oil  and  this  is  not  so  good. 

Bubbles  blown  with  soap  and  water  alone  do  not  last 
long  enough  for  many  of  the  experiments  described, 
though  they  may  sometimes  be  made  to  succeed. 
Plateau  added  glycerine,  which  greatly  improves  the 
lasting  quality.  The  glycerine  should  be  pure;  com- 
mon glycerine  is  not  good,  but  Price's  answers  perfectly. 
The  water  should  be  pure  distilled  water,  but  if  this  is 
not  available,  clean  rain-water  will  do.  Do  not  choose 
the  first  that  runs  from  a  roof  after  a  spell  of  dry  weather, 
but  wait  till  it  has  rained  for  some  time,  the  water  that 
then  runs  off  is  very  good,  especially  if  the  roof  is  blue 
slate  or  glass.  If  fresh  rain-water  is  not  to  be  had,  water 
that  has  been  boiled  and  allowed  to  cool  should  be 
employed.  Instead  of  Castille  soap,  Plateau  found 
that  a  pure  soap  prepared  from  olive-oil  is  still  better. 
When  all  the  fatty  acids  except  oleic  acid  are  removed 
the  resultant  soap  is  oleate  of  soda.  I  have  always 
used  a  modification  of  Plateau's  formula,  which  Pro- 
fessors Reinold  and  Rlicker  found  to  answer  so  well. 
They  used  less  glycerine  than  Plateau.  It  is  best 
made  as  follows.  Fill  a  clean  stoppered  bottle  three- 
quarters  full  of  water.  Add  one-fortieth  part  of  its 
weight  of  oleate  of  soda,  which  will  probably  float  on 
the  water.  Leave  it  for  a  day,  when  the  oleate  of  soda 
will  be  dissolved.  Nearly  fill  up  the  bottle  with  Price's 
glycerine  and  shake  well,  or  pour  it  into  another  clean 
bottle  and  back  again  several  times.  Leave  the  bottle, 
stoppered  of  course,  for  about  a  week  in  a  dark  place. 
Then  with  a  syphon,  that  is,  a  bent  glass  tube  which  will 
reach  to  the  bottom  inside  and  still  further  outside,  draw 
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off  the  clear  liquid  from  the  scum  which  will  have  collected 
at  the  top.  Add  one  or  two  drops  of  strong  liquid 
ammonia  to  every  pint  of  the  liquid.  Then  carefully 
keep  it  in  a  stoppered  bottle  in  a  dark  place.  Do  not 
get  out  this  stock  bottle  every  time  a  bubble  is  to  be 
blown,  but  have  a  small  working  bottle.  Never  put  any 
back  into  the  stock.  In  making  the  liquid  do  not  warm 
or  filter  it.  Either  will  spoil  it.  Never  leave  the 
stoppers  out  of  the  bottles  or  allow  the  liquid  to  be 
exposed  to  the  air  more  than  is  necessary.  This  liquid 
is  still  perfectly  good  after  ten  years'  keeping.  I  have 
given  these  directions  very  fully,  not  because  I  feel  sure 
that  all  the  details  are  essential,  but  because  it  exactly 
describes  the  way  I  happen  to  make  it,  and  because  I 
have  never  found  any  other  solution  so  good. 

In  the  year  1890  I  had  no  difficulty  in  obtaining  fairly 
good  oleate  of  soda  in  this  country.  Now  for  several  years 
I  have  tried  what  is  called  oleate  of  soda  from  one  place 
after  another  and  not  a  single  specimen  have  I  found  that 
is  the  slightest  use  for  the  more  delicate  soap-bubble 
experiments.  However  on  obtaining  a  quantity  made 
by  the  well-known  firm  of  Kahlbaum  of  Berlin,  for  whom 
Messrs.  Griffin  Bros,  of  Kingsway  are  agents,  I  found  the 
oleate  as  tested  by  its  bubble-blowing  quality  to  be  as  good 
as  or  better  than  any  I  had  met  with  before.  If  any  one 
wishes  to  make  his  own  oleate  of  soda  then  the  following 
instructions  kindly  sent  to  me  by  Mr.  Duckham  will  be 
a  guide. 

"  Pure  oleic  acid  is  best  prepared  from  tallow  (which 
practically  does  not  contain  any  less  saturated  acids  than 
oleic)  by  saponifying  with  caustic  potash,  precipitating 
the  soap  solution  with  lead  acetate,  and  extracting  the 
dried  lead  salt  with  ether.  The  dissolved  lead  salt  is 
decomposed  with  hydrochloric  acid  under  ether,  the 
liberated  acid  dissolved  in  ammonia,  and  the  solution 
precipitated  with  barium  chloride.  Next  the  barium 
salt  is  dried,  boiled  out  with  hot  alcohol,  and  the  hot 
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solution  allowed  to  crystallize.  The  crystallized  salt  is 
decomposed  either  with  strong  mineral  acid,  or  by 
tartaric  acid.  This  is  as  far  as  the  matter  is  ever  carried 
to  prepare  pure  oleic  acid  tor  the  manufacture  of  '  pure ' 
sodium  oleate,  but  for  the  most  accurate  chemical  work 
it  may  be  necessary  to  remove  the  remaining  traces  of 
solid  acids,  and  this  is  done  by  the  conversion  into  the 
chloro-iodide  product,  and  crystallization  from  an  organic 
solvent.  The  solid  acids  remain  dissolved,  and  oleic 
acid  can  be  obtained  from  the  crystallized  chloro-iodo 
product  by  heating  with  aniline." 

I  would  only  add  to  this  a  caution  to  the  inexperienced 
that  the  lead  salt  referred  to  is  oleate  of  lead  and  the 
solution  of  this  in  ether  if  spilt  on  the  hand  and  not 
washed  off  at  once  will  send  the  experimenter  to  bed  with 
severe  lead  poisoning. 

Rings  for  Bubbles 

These  may  be  made  of  any  kind  of  wire.  I  have  used 
tinned  iron  about  one-twentieth  of  an  inch  in  diameter. 
The  joint  should  be  smoothly  soldered  without  lumps. 
If  soldering  is  a  difficulty,  then  use  the  thinnest  wire  that 
is  stiff  enough  to  support  the  bubbles  steadily,  and  make 
the  joint  by  twisting  the  end  of  the  wire  round  two  or 
three  times.  Rings  two  to  three  inches  in  diameter  are 
convenient.  I  have  seen  that  dipping  the  rings  in  melted 
paraffin  is  recommended,  but  1  have  not  found  any  ad- 
vantage from  this.  The  nicest  material  for  the  light 
rings  is  thin  aluminium  wire,  about  as  thick  as  a  fine  pin 
(No.  26  to  30  B.W.G.),  and  as  this  cannot  be  readily 
soldered,  the  ends  must  be  twisted.  If  this  is  not  to  be 
had,  very  fine  wire,  nearly  as  fine  as  a  hair  (No.  36 
B.W.G.),  of  copper  or  of  any  other  metal,  will  answer. 
The  rings  should  be  wetted  with  the  soap  mixture  before 
a  bubble  is  placed  upon  them,  and  must  always  be  well 
washed  and  dried  when  done  with. 
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Threads  in  Ri?ig 

There  is  no  difficulty  in  showing  these  experiments. 
The  ring  with  the  thread  may  be  dipped  in  the  soap 
solution,  or  stroked  across  with  the  edge  of  a  piece  of  paper, 
celluloid  or  india-rubber  sheet  that  has  been  dipped  in  the 
liquid,  so  as  to  form  a  film  on  both  sides  of  the  thread. 
A  needle  that  has  also  been  wetted  with  the  soap  may 
be  used  to  show  that  the  threads  are  loose.  The  same 
needle  held  for  a  moment  in  a  candle-flame  or  a  point  of 
blotting  paper  supplies  a  convenient  means  of  breaking 
the  film. 

Blow  out  Candle  with  Soap  bubble 

For  this,  the  bubble  should  be  blown  on  the  ends  of 
a  short  wide  pipe  spread  out  at  one  end  to  give  a  better 
hold  for  the  bubble.  The  tin  funnel  supplied  with  an 
ordinary  gazogene  answers  perfectly.  This  should  be 
washed  before  it  is  used  again  for  filling  the  gazogene. 

Bubbles  Balanced  against  One  Another 

These  experiments  are  most  conveniently  made  on  a 
small  scale.  Pieces  of  thin  brass  tube,  three-eighths  or 
half  an  inch  in  diameter,  are  suitable.  It  is  best  to  have 
pieces  of  apparatus,  specially  prepared  with  taps,  for  easily 
and  quickly  stopping  the  air  from  leaving  either  bubble, 
and  for  putting  the  two  bubbles  into  communication 
when  required.  It  should  not  be  difficult  to  contrive  to 
perform  the  experiments,  using  india-rubber  connecting 
tubes,  pinched  with  spring  clips  to  take  the  place  of  taps. 
There  is  one  little  detail  which  just  makes  the  difference 
between  success  and  failure.  This  is  to  supply  a  mouth- 
piece for  blowing  the  bubble,  made  of  glass  tube,  which 
has  been  drawn  out  so  fine  that  these  little  bubbles 
cannot  be  blown  out  suddenly  by  accident.  It  is  very 
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difficult,  otherwise,  to  adjust  the  quantity  of  air  in  such 
small  bubbles  with  any  accuracy.  In  balancing  a 
spherical  against  a  cylindrical  bubble,  the  short  piece  of 
tube,  into  which  the  air  is  supplied,  must  be  made  so 
that  it  can  be  easily  moved  to  or  from  a  fixed  piece  of 
the  same  size  closed  at  the  other  end.  Then  the  two 
ends  of  the  short  tube  must  have  a  film  spread  over  them 
with  a  piece  of  paper,  or  india-rubber,  but  there  must  be 
no  film  stretched  across  the  end  of  the  fixed  tube.  The 
two  tubes  must  at  first  be  near  together,  until  the  spher- 
ical bubble  has  been  formed.  They  may  then  be  separ- 
ated gradually  more  and  more,  and  air  blown  in  so  as  to 
keep  the  sides  of  the  cylinder  straight,  until  the  cylinder 
is  sufficiently  long  to  be  nearly  unstable.  It  will  then  far 
more  evidently  show,  by  its  change  of  form,  than  it 
would  if  it  were  short,  when  the  pressure  due  to  the 
spherical  bubble  exactly  balances  that  due  to  a  cylindrical 
one.  If  the  shadow  of  the  bubbles,  or  an  image  formed 
by  a  lens  on  a  screen,  is  then  measured,  it  will  be  found 
that  the  sphere  has  a  diameter  which  is  very  accurately 
double  that  of  the  cylinder. 


Water-drops  in  Paraffin  and  Bisulphide  of  Carbon 

All  that  was  said  in  describing  the  Plateau  experiment 
applies  here.  Perfectly  spherical  and  large  drops  of 
water  can  be  formed  in  a  mixture  so  made  that  the  lower 
parts  are  very  little  heavier,  and  the  upper  parts  very 
little  lighter,  than  water.  The  addition  of  bisulphide  of 
carbon  makes  the  mixture  heavier.  This  liquid — bisul- 
phide of  carbon — is  very  dangerous,  and  has  a  most 
dreadful  smell,  so  that  it  had  better  not  be  brought  into 
the  house.  The  form  of  a  hanging  drop,  and  the  way  in 
which  it  breaks  off,  can  be  seen  if  water  is  used  in  paraffin 
alone,  but  it  is  much  more  evident  if  a  little  bisulphide 
of  carbon  is  mixed  with  the  paraffin,  so  that  water  will 
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sink  slowly  in  the  mixture.  Pieces  of  glass  tube,  open 
at  both  ends  from  half  an  inch  to  one  inch  in  diameter, 
show  the  action  best.  Having  poured  some  water 
coloured  blue  into  a  glass  vessel,  and  covered  it  to  a 
depth  of  several  inches  with  paraffin,  or  the  paraffin 
mixture,  dip  the  pipe  down  into  the  water,  having  first 
closed  the  upper  end  with  the  thumb  or  the  palm  of  the 
hand.  On  then  removing  the  hand,  the  water  will  rush 
up  inside  the  tube.  Again  close  the  upper  end  as  before, 
and  raise  the  tube  until  the  lower  end  is  well  above 
the  water,  though  still  immersed  in  the  paraffin.  Then 
allow  air  to  enter  the  pipe  very  slowly  by  just  rolling  the 
thumb  the  least  bit  to  one  side.  The  water  will  escape 
slowly  and  form  a  large  growing  drop,  the  size  of  which 
before  it  breaks  away  will  depend  on  the  density  of  the 
mixture  and  the  size  of  the  tube. 

To  form  a  water  cylinder  in  the  paraffin  the  tube  must 
be  filled  with  water  as  before,  but  the  upper  end  must 
now  be  left  open.  Then  when  all  is  quiet  the  tube  is  to 
be  rather  rapidly  withdrawn  in  the  direction  of  its  own 
length,  when  the  water  which  was  within  it  will  be  left 
behind  in  form  of  a  cylinder,  surrounded  by  the  paraffin. 
It  will  then  break  up  into  spheres  so  slowly,  in  the  case 
of  a  large  tube,  that  the  operation  can  be  watched.  The 
depth  of  paraffin  should  be  quite  ten  times  the  diameter 
of  the  tube. 

To  make  bubbles  of  water  in  the  paraffin,  the  tube 
must  be  dipped  down  into  the  water  with  the  upper  end 
open  all  the  time,  so  that  the  tube  is  mostly  filled  with 
paraffin.  It  must  then  be  closed  for  a  moment  above 
and  raised  till  the  end  is  completely  out  of  the  water. 
Then  if  air  is  allowed  to  enter  slowly,  and  the  tube  is 
gently  raised,  bubbles  of  water  filled  with  paraffin  will  be 
formed  which  can  be  made  to  separate  from  the  pipe, 
like  soap-bubbles  from  a  "  churchwarden,"  by  a  suitable 
sudden  movement.  If  a  number  of  water-drops  are 
floating  in  the  paraffin  in  the  pipe,  and  this  can  be  easily 
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arranged,  then  the  bubbles  made  will  contain  possibly  a 
number  of  other  drops  or  even  other  bubbles.  A  very 
little  bisulphide  of  carbon  poured  carefully  down  a  pipe 
will  form  a  heavy  layer  above  the  water,  on  which 
these  compound  bubbles  will  remain  floating. 

Cylindrical  bubbles  of  water  in  paraffin  may  be  made 
by  dipping  the  pipe  down  into  the  water  and  withdrawing 
it  quickly  without  ever  closing  the  top  at  all.  These 
break  up  into  spherical  bubbles  in  the  same  way  that  the 
cylinder  of  liquid  broke  up  into  spheres  of  liquid. 

As  before,  orthotoluidine  and  water  or  salt  water  are 
more  convenient  than  the  bisulphide  of  carbon  mixture 
and  water. 

Beaded  Spider-webs 

These  are  found  in  the  spiral  part  of  the  webs  of  all 
the  geometrical  spiders.  The  beautiful  geometrical  webs 
may  be  found  out  of  doors  in  abundance  in  the  autumn, 
or  in  green-houses  at  almost  any  time  of  the  year.  To 
mount  these  webs  so  that  the  beads  may  be  seen,  take  a 
small  flat  ring  of  any  material,  or  a  piece  of  cardboard 
with  a  hole  cut  out  with  a  gun-wad  cutter,  or  otherwise. 
Smear  the  face  of  the  ring,  or  the  card,  with  a  very  little 
strong  gum. .  Choose  a  freshly-made  web,  and  then  pass 
the  ring,  or  the  card,  across  the  web  so  that  some  of  the 
spiral  web  (not  the  central  part  of  the  web)  remains 
stretched  across  the  hole.  This  must  be  done  without 
touching  or  damaging  the  pieces  that  are  stretched  across, 
except  at  their  ends.  The  beads  are  too  small  to  be 
seen  with  the  naked  eye.  A  strong  magnifying-glass,  or 
a  low-power  microscope,  will  show  the  beads  and  their 
marvellous  regularity.  The  beads  on  the  webs  of  very 
young  spiders  are  not  so  regular  as  those  on  spiders  that 
are  fully  grown.  Those  beautiful  beads,  easily  visible  to 
the  naked  eye,  on  spider  lines  in  the  early  morning  of  an 
autumn  day,  are  not  made  by  the  spider,  but  are  simply 


PRACTICAL   HINTS  177 

dew.     They  very  perfectly  show  the  spherical   form  of 
small  water-drops. 

Photographs  of  Water-jets 

These  are  easily  taken  by  the  method  described  by 
Mr.  Chichester  Bell.  The  flash  of  light  is  produced  by 
a  short  spark  from  a  few  Leyden-jars.  The  fountain,  or 
jet,  should  be  five  or  six  feet  away  from  the  spark,  and 
the  photographic  plate  should  be  held  as  close  to  the 
stream  of  water  as  is  possible  without  touching.  The 
shadow  is  then  so  definite  that  the  photograph,  when 
taken,  may  be  examined  with  a  powerful  lens,  and  will 
still  appear  sharp.  Any  rapid  dry  plate  will  do.  The 
room,  of  course,  must  be  quite  dark  when  the  plate  is 
placed  in  position,  and  the  spark  then  made.  The 
regular  breaking  up  of  the  jet  may  be  effected  by  sound 
produced  in  almost  any  way.  The  straight  jet,  of 
which  Fig.  41  is  a  representation,  magnified  about  three 
and  a  quarter  times,  was  regularly  broken  up  by  simply 
whistling  to  it  with  a  key.  The  fountains  were  broken 
up  regularly  by  fastening  the  nozzle  to  one  end  of  a  long 
piece  of  wood  clamped  at  the  end  to  the  stand  of  a 
tuning-fork,  which  was  kept  sounding  by  electrical 
means.  An  ordinary  tuning-fork,  made  to  rest  when 
sounding  against  the  wooden  support  of  the  nozzle,  will 
answer  quite  as  well,  but  it  is  not  quite  so  convenient. 
The  jet  will  break  up  best  to  certain  notes,  but  it  may  be 
tuned  to  a  great  extent  by  altering  the  size  of  the  orifice 
or  the  pressure  of  the  water,  or  both. 

Fountain  and  Sealing-wax 

It  is  almost  impossible  to  fail  over  this  very  striking  yet 
simple  experiment.  A  fountain  of  almost  any  size,  at 
any  rate  between  one-fiftieth  and  a  quarter  of  an  inch  in 
the  smooth  part,  and  up  to  eight  feet  high,  will  cease  to 
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scatter  when  the  sealing-wax  is  rubbed  with  flannel  and 
held  a  few  feet  away.  A  suitable  size  of  fountain  is  one 
about  four  feet  high,  coming  from  an  orifice  anywhere 
near  one-sixteenth  of  an  inch  in  diameter.  The  nozzle 
should  be  inclined  so  that  the  water  falls  slightly  on  one 
side.  The  sealing-wax  may  be  electrified  by  being 
rubbed  on  the  coat-sleeve,  or  on  a  piece  of  fur  or  flannel 
which  is  dry.  It  will  then  make  little  pieces  of  paper  or 
cork  dance,  but  it  will  still  act  on  the  fountain  when  it 
has  ceased  to  produce  any  visible  effect  on  pieces  of 
paper,  or  even  on  a  delicate  gold-leaf  electroscope. 


Bouncing  Wafer-jets 

This  beautiful  experiment  of  Lord  Rayleigh's  requires 
a  little  management  to  make  it  work  in  a  satisfactory 
manner.  Take  a  piece  of  quill-glass  tube  and  draw  it 
out  to  a  very  slight  extent  (see  a  former  note),  so  as  to 
make  a  neck  about  one-eighth  of  an  inch  in  diameter  at 
the  narrowest  part.  Break  the  tube  just  at  this  place, 
after  first  nicking  it  there  with  a  file.  Connect  each  of 
these  tubes  by  means  of  an  india-rubber  pipe,  or  other- 
wise, with  a  supply  of  water  in  a  bottle,  and  pinch  the 
tubes  with  a  screw-clip  until  two  equal  jets  of  water  are 
formed.  So  hold  the  nozzles  that  these  meet  in  their 
smooth  portions  at  a  very  small  angle.  They  will  then 
for  a  short  time  bounce  away  from  one  another  without 
mixing.  If  the  air  is  very  dusty,  if  the  water  is  not  clean, 
or  if  air-bubbles  are  carried  along  in  the  pipes,  the  two 
jets  will  at  once  join  together.  In  the  arrangement  that 
I  used  in  the  lantern,  the  two  nozzles  were  nearly 
horizontal,  one  was  about  half  an  inch  above  the  other, 
and  they  were  very  slightly  converging.  They  were 
fastened  in  their  position  by  melting  upon  them  a  little 
sealing-wax.  India-rubber  pipes  connected  them  with 
two  bottles  about  six  inches  above  them,  and  screw-clips 
were  used  to  regulate  the  supply.  One  of  the  bottles 
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was  made  to  stand  on  three  pieces  of  sealing-wax  to 
insulate  it  electrically,  and  the  corresponding  nozzle  was 
only  held  by  its  sealing-wax  fastening.  The  water  in  the 
bottles  had  been  filtered,  and  one  was  coloured  blue.  If 
these  precautions  are  taken,  the  jets  will  remain  distinct 
quite  long  enough,  but  are  instantly  caused  to  recombine 
by  a  piece  of  electrified  sealing-wax  six  or  eight  feet 
away.  They  may  be  separated  again  by  touching  the 
water  issuing  near  one  nozzle  with  the  finger,  which 
deflects  it ;  on  quietly  removing  the  finger  the  jet  takes  up 
its  old  position  and  bounces  off  the  other  as  before. 
They  can  thus  be  separated  and  made  to  combine  ten  or 
a  dozen  times  in  a  minute. 


Fountain  and  Intermittent  Light 


This  can  be  successfully  shown  to  a  large  number  of 
people  at  once  only  by  using  an  electric  arc,  but  there  is 
no  occasion  to  produce  this  light  if  not  more  than  one 
person  at  a  time  wishes  to  see  the  evolution  of  the 
drops.  It  is  then  merely  necessary  to  make  the  fountain 
play  in  front  of  a  bright  background  such  as  the  sky,  to 
break  it  up  with  a  tuning-fork  or  other  musical  sound  as 
described,  and  then  to  look  at  it  through  a  card  disc 
equally  divided  near  the  edge  into  spaces  about  two  or 
three  inches  wide,  with  a  hole  about  one-eighth  of  an 
inch  in  diameter  between  each  pair  of  spaces.  A  disc 
of  card  five  inches  in  diameter,  with  six  equidistant  holes 
half  an  inch  from  the  edge,  answers  well.  The  disc 
must  be  made  to  spin  by  any  means  very  regularly  at 
such  a  speed  that  the  tuning-fork,  or  stretched  string  if 
this  be  used,  when  looked  at  through  the  holes,  appears 
quiet,  or  nearly  quiet,  when  made  to  vibrate.  The 
separate  drops  will  then  be  seen,  and  everything 
described  in  the  preceding  pages,  and  a  great  deal  more, 
will  be  evident.  This  is  one  of  the  most  fascinating 
experiments,  and  it  is  well  worth  while  to  make  an  effort 
M  2 
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to  succeed.  The  card  is  most  conveniently  carried  by  a 
small  electric  motor  driven  by  a  few  secondary  cells  and 
regulated  by  a  resistance  to  run  just  too  fast,  then  the 
speed  can  be  perfectly  regulated  by  a  very  light  pressure 
of  the  finger  on  the  end  of  the  axle. 

Mr.  Chichester  Bell's  Singing  Water-jet 

For  these  experiments  a  very  fine  hole  about  one 
seventy-fifth  of  an  inch  in  diameter  is  most  suitable. 
To  obtain  this,  Mr.  Bell  holds  the  end  of  a  quill-glass 
tube  in  a  blow-pipe  flame,  and  constantly  turns  it  round 
and  round  until  the  end  is  almost  entirely  closed  up. 
He  then  suddenly  and  forcibly  blows  into  the  pipe. 
Out  of  several  nozzles  made  in  this  way,  some  are  sure 
to  do  well.  Lord  Rayleigh  makes  nozzles  generally  by 
cementing  to  the  end  of  a  glass  (or  metal)  pipe  a  piece 
of  thin  sheet  metal  in  which  a  hole  of  the  required  size 
has  been  made,  e.  g.  by  a  punch  made  from  a  broken 
needle  on  a  block  of  lead.  The  water  pressure  should  be 
produced  by  a  head  of  about  fifteen  feet.  The  water 
must  be  quite  free  from  dust  and  from  air-bubbles.  This 
may  be  effected  by  making  it  pass  through  a  piece  of  tube 
stuffed  full  of  flannel,  or  cotton-wool,  or  something  of 
the  kind  to  act  as  a  filter.  There  should  be  a  yard  or  so 
of  good  black  india-rubber  tube,  about  one-eighth  of  an 
inch  in  diameter  inside  between  the  filter  and  the  nozzle. 
It  is  best  not  to  take  the  water  direct  from  the  water- 
main,  but  from  a  cistern  about  fifteen  feet  above  the 
nozzle.  If  no  cistern  is  available,  a  pail  of  water  taken 
up-stairs,  with  a  pipe  coming  down,  is  an  excellent  sub- 
stitute, and  this  has  the  further  advantage  that  the  head 
of  water  can  be  easily  changed  so  as  to  arrive  at  the  best 
result. 

The  rest  of  the  apparatus  is  very  simple.  It  is  merely 
necessary  to  stretch  and  tie  over  the  end  of  a  tube  about 
half  an  inch  in  diameter  a  piece  of  thin  india-rubber 
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sheet,  cut  from  an  air-ball  that  has  not  been  blown  out. 
The  tube,  which  may  be  of  metal  or  of  glass,  may  either 
be  fastened  to  a  heavy  foot,  in  which  case  a  side  tube 
must  be  joined  to  it,  as  in  Fig.  47,  or  it  may  be  open  at 
both  ends  and  be  held  in  a  clamp.  It  is  well  to  put  a 
cone  of  cardboard  on  the  open  end  (Fig.  48),  if  the 
sound  is  to  be  heard  by  many  at  a  time.  If  the 
experimenter  alone  wishes  to  hear  as  well  as  possible 
when  faint  sounds  are  produced,  he  should  carry  a  piece 
of  smooth  india-rubber  tube  about  half  an  inch  in 
diameter  from  the  open  end  to  his  ear.  This,  however, 
would  nearly  deafen  him  with  such  loud  noises  as  the 
tick  of  a  watch. 


Bubbles  and  Ether 

Experiments  with  ether  must  be  performed  with  great 
care,  because,  like  the  bisulphide  of  carbon,  it  is 
dangerously  inflammable.  The  bottle  of  ether  must 
never  be  brought  near  a  light.  If  a  large  quantity  is 
spilled,  the  heavy  vapour  is  apt  to  run  along  the  floor 
and  ignite  at  a  fire,  even  on  the  other  side  of  a  room. 
Any  vessel  may  be  filled  with  the  vapour  of  ether  by 
merely  pouring  the  liquid  upon  a  piece  of  blotting-paper 
reaching  up  to  the  level  of  the  edge.  Very  little  is 
required,  say  half  a  wine-glassful,  for  a  basin  that  would 
hold  a  gallon  or  more.  In  a  draughty  place  the  vapour 
will  be  lost  in  a  short  time.  Bubbles  can  be  set  to  float 
upon  the  vapour  without  any  difficulty.  They  may  be 
removed  in  five  or  ten  seconds  by  means  of  one  of  the 
small  light  rings  with  a  handle,  provided  that  the  ring  is 
wetted  with  the  soap  solution  and  has  no  film  stretched 
across  it.  If  taken  to  a  light  at  a  safe  distance  the 
bubble  will  immediately  burst  into  a  blaze.  If  a  neigh- 
bouring light  is  not  close  down  to  the  table,  but  well  up 
above  the  jar  on  a  stand,  it  may  be  near  with  but  little 
risk.  To  show  the  burning  vapour,  the  same  wide  tube 
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that  was  used  to  blow  out  the  candle  will  answer  well. 
The  pear  shape  of  the  bubble,  owing  to  its  increased 
weight  after  being  held  in  the  vapour  for  ten  or  fifteen 
seconds,  is  evident  enough  on  its  removal,  but  the 
falling  stream  of  heavy  vapour,  which  conies  out  again 
afterwards,  can  only  be  shown  if  its  shadow  is  cast  upon 
a  screen  by  means  of  a  bright  light. 


Experiment  with  Internal  Bubbles 

For  these  experiments,  next  to  a  good  solution,  the 
pipe  is  of  the  greatest  importance.  A  "churchwarden" 
is  no  use.  A  glass  pipe  -£$  inch  in  diameter  at  the 
mouth  is  best.  If  this  is  merely  a  tube  bent  near  the 
end  through  a  right  angle,  moisture  condensed  in  the 
tube  will  in  time  run  down  and  destroy  the  bubble 
occasionally,  which  is  very  annoying  in  a  difficult 
experiment.  I  have  made  for  myself  the  pipe  of  which 
Fig.  8 1  is  a  full-size  representation,  and  I  do  not  think 
that  it  is  possible  to  improve  upon  this.  Those  who  are 
not  glass-blowers  will  be  able,  with  the  help  of  cork,  to 
make  a  pipe  with  a  trap  as  shown  in  Fig.  82,  which  is  as 
good,  except  in  appearance  and  handiness. 

In  knocking  bubbles  together  to  show  that  they  do 
not  touch,  care  must  be  taken  to  avoid  letting  either 
bubble  meet  any  projection  in  the  other,  such  as  the 
wire  ring,  or  a  heavy  drop  of  liquid.  Either  will  instantly 
destroy  the  two  bubbles.  There  is  also  a  limit  to  the 
violence  which  may  be  used,  which  experience  will  soon 
indicate. 

In  pushing  a  bubble  through  a  ring  smaller  than  itself, 
by  means  of  a  flat  film  on  another  ring,  it  is  important 
that  the  bubble  should  not  be  too  large;  but  a  larger 
bubble  can  be  pushed  through  than  would  be  expected. 
It  is  not  so  easy  to  push  it  up  as  down  because  of  the 
heavy  drop  of  liquid,  which  it  is  difficult  to  drain  away 
completely. 
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To  blow  one  bubble  inside  another,  the  first,  as  large 
as  an  average  orange,  should  be  blown  on  the  lower  side 


FIG.  81. 


of  a  horizontal  ring.  A  light  wire  ring  should  then  be 
hung  on  to  this  bubble  to  pull  it  slightly  out  of  shape. 
For  this  purpose  thin  aluminium  rings  are  hardly  heavy 
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enough,  and  so  either  a  heavier  metal  should  be  used,  or 
a  small  weight  should  be  fastened  to  the  handle  of  the 
ring.  The  ring  should  be  so  heavy  that  the  sides  of  the 


FIG.  82. 


bubble  make  an  angle  of  thirty  or  forty  degrees  with  the 
vertical,  where  they  meet  the  ring  as  indicated  in  Fig. 
ST.  The  wetted  end  of  the  pipe  is  now  to  be  inserted 
through  the  top  of  the  bubble,  until  it  has  penetrated  a 
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clear  half  inch  or  so.  A  new  bubble  can  now  be  blown 
any  size  almost  that  may  be  desired.  To  remove  the 
pipe  a  slow  motion  will  be  fatal,  because  it  will  raise  the 
inner  bubble  until  it  and  the  outer  one  both  meet  the 
pipe  at  the  same  place.  This  will  bring  them  into  true 
contact.  On  the  other  hand,  a  violent  jerk  will  almost 
certainly  produce  too  great  a  disturbance.  A  rather 
rapid  motion,  or  a  slight  jerk,  is  all  that  is  required.  It 
is  advisable  before  passing  the  pipe  up  through  the  lower 
ring,  so  as  to  touch  the  inner  bubble,  and  so  drain  away 
the  heavy  drop,  to  steady  the  ring  with  the  other  hand. 
The  superfluous  liquid  can  then  be  drained  from  both 
bubbles  simultaneously.  Care  must  be  taken  after  this 
that  the  inner  bubble  is  not  allowed  to  come  against 
either  wire  ring,  nor  must  the  pipe  be  passed  through 
the  side  where  the  two  bubbles  are  very  close  together. 
To  peel  off  the  lower  ring  it  should  be  pulled  down  a 
very  little  way  and  then  inclined  to  one  side.  The  peel- 
ing will  then  start  more  readily,  but  as  soon  as  it  has 
begun  the  ring  should  be  raised  so  as  not  to  make  the 
peeling  too  rapid,  otherwise  the  final  jerk,  when  it  leaves 
the  lower  ring,  will  be  too  much  for  the  bubbles  to  with- 
stand. 

Bubbles  coloured  with  fluorescine,  or  uranine,  do  not 
show  their  brilliant  fluorescence  unless  sunlight  or  electric 
light  is  concentrated  upon  them  with  a  lens  or  mirror. 
The  quantity  of  dye  required  is  so  small  that  it  may  be 
difficult  to  take  little  enough.  As  much  as  can  be  picked 
up  on  the  last  eighth  of  an  inch  of  a  pointed  pen-knife 
will  be,  roughly  speaking,  enough  for  a  wine-glassful  of 
the  soap  solution.  If  the  quantity  is  increased  beyond 
something  like  the  proportion  stated,  the  fluorescence 
becomes  less  and  very  soon  disappears.  The  best 
quantity  can  be  found  in  a  few  minutes  by  trial. 

To  blow  bubbles  containing  either  coal-gas  or  air,  or  a 
mixture  of  the  two,  the  most  convenient  plan  is  to  have 
a  small  T-shaped  glass  tube  which  can  be  joined  by  one 
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arm  of  the  T  to  the  blow-pipe  by  means  of  a  short  piece 
of  india-rubber  tube,  and  be  connected  by  its  vertical 
limb  with  a  sufficient  length  of  india-rubber  pipe,  one 
eighth  of  an  inch  in  diameter  inside,  to  reach  to  the  floor, 
after  which  it  may  be  connected  by  any  kind  of  pipe 
with  the  gas  supply.  The  gas  can  be  stopped  either  by 
pinching  the  india-rubber  tube  with  the  left  hand,  if  that 
is  at  liberty,  or  by  treading  on  it  if  both  hands  are 
occupied.  Meanwhile  air  can  be  blown  in  by  the  other 
arm  of  the  T,  and  the  end  closed  by  the  tongue  when 
gas  alone  is  required.  This  end  of  the  tube  should  be 
slightly  spread  out  when  hot  by  rapidly  pushing  into  it 
the  cold  tang  of  a  file,  and  twisting  it  at  the  same  time, 
so  that  it  may  be  lightly  held  by  the  teeth  without  fear  of 
slipping. 

If  a  light  T-piece  or  so  great  a  length  of  small  india- 
rubber  tube  cannot  be  obtained,  then  the  mouth  must  be 
removed  from  the  pipe  and  the  india-rubber  tube  slipped 
in  when  air  is  to  be  changed  for  gas.  This  makes  the 
manipulation  more  difficult,  but  all  the  experiments, 
except  the  one  with  three  bubbles,  can  be  so  carried  out. 

The  pipe  must  in  every  case  be  made  to  enter  the 
highest  point  of  a  bubble  in  order  to  start  an  internal 
one.  If  it  is  pushed  horizontally  through  the  side,  the 
inner  bubble  is  sure  to  break.  If  the  inner  bubble  is 
being  blown  with  gas,  it  will  soon  tend  to  rise.  The 
pipe  must  then  be  turned  over  in  such  a  manner  that  the 
inner  bubble  does  not  creep  along  it,  and  so  meet  the 
outer  one  where  penetrated  by  the  pipe.  A  few  trials 
will  show  what  is  meant.  The  inner  bubble  may  then  be 
allowed  to  rest  against  the  top  of  the  outer  one  while 
being  enlarged.  When  it  is  desired  after  withdrawing  the 
pipe  to  blow  more  air  or  gas  into  either  the  inner  or  the 
outer  bubble,  it  is  not  safe  after  inserting  the  pipe  again 
to  begin  to  blow  at  once  ;  the  film  which  is  now  stretched 
across  the  mouth  of  the  pipe  will  probably  become  a 
third  bubble,  and  this,  in  the  circumstances,  is  almost 
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certain  to  cause  a  failure.  An  instantaneous  withdrawal 
of  the  air  destroys  this  film  by  drawing  it  into  the  pipe. 
Air  or  gas  may  then  be  blown  without  danger. 

If  the  same  experiment  is  performed  upon  a  light  ring 
with  cotton  and  paper  attached,  the  left  hand  will  be 
occupied  in  holding  this  ring,  and  then  the  gas  must  be 
controlled  by  the  foot,  or  by  a  friend.  The  light  ring 
should  be  quite  two  inches  in  diameter.  If,  when  the 
inner  bubble  has  begun  to  carry  away  the  ring,  &c.,  the 
paper  is  caught  hold  of,  it  is  possible,  by  a  judicious  pull, 
to  cause  the  two  bubbles  to  leave  the  ring  and  so  escape 
into  the  air  one  inside  the  other.  For  this  purpose  the 
smallest  ring  that  will  carry  the  paper  should  be  used. 
With  larger  rings  the  same  effect  may  be  produced  by  in- 
clining the  ring,  and  so  allowing  the  outer  bubble  to  peel 
off,  or  by  placing  the  mouth  of  the  pipe  against  the  ring 
and  blowing  a  third  bubble  in  real  contact  with  the 
ring  and  the  outer  bubble.  This  will  assist  the  peeling 
process. 

To  blow  three  bubbles,  one  inside  the  other  two,  is 
more  difficult.  The  following  plan  I  have  found  to  be 
fairly  certain.  First  blow  above  the  ring  a  bubble  the 
size  of  a  large  orange.  Then  take  a  small  ring  about 
an  inch  in  diameter,  with  a  straight  wire  coming  down 
from  one  side  to  act  as  a  handle,  and  after  wetting  it  with 
the  solution,  pass  it  carefully  up  through  the  fixed  ring  so 
that  the  small  ring  is  held  well  inside  the  bubble.  Now 
pass  the  pipe,  freshly  dipped  in  the  solution,  into  the 
outer  or  No.  i  bubble  until  it  is  quite  close  to  the  small 
ring,  and  begin  to  blow  the  No.  2  bubble.  This  must 
be  started  with  the  pipe  almost  in  contact  with  the  inner 
ring,  as  the  film  on  this  ring  would  destroy  a  bubble  that 
had  attained  any  size.  Withdraw  the  pipe,  dip  it  into  the 
liquid,  and  insert  it  into  the  inner  bubble,  taking  care  to 
keep  these  two  bubbles  from  meeting  anywhere.  Now 
blow  a  large  gas-bubble,  which  may  rest  against  the  top  of 
No.  2  while  it  is  growing.  No.  2  may  now  rest  against 
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the  top  of  No.  i  without  danger.  Remove  the  pipe  from 
No.  3  by  gently  lowering  it,  but  without  any  gas  passing 
at  the  time,  and  then  let  some  gas  into  No.  2  to  make 
it  lighter,  and  at  the  same  time  diminish  the  pressure 
between  Nos.  2  and  3.  Presently  the  small  ring  can  be 
peeled  off  No.  2  and  removed  altogether.  But  if  there  is 
a  difficulty  in  accomplishing  this,  withdraw  the  pipe  from 
No.  2  and  blow  air  into  No.  i  to  enlarge  it,  which  will 
make  the  process  easier.  Then  remove  the  pipe  from 
No.  i.  The  three  bubbles  are  now  resting  one  inside  the 
other.  By  blowing  a  fourth  bubble,  as  described  above, 
against  the  fixed  ring,  No.  i  bubble  will  peel  off,  and  the 
three  will  float  away.  No.  i  can,  while  peeling,  be 
transferred  to  a  light  wire  ring  from  which  paper,  &c.,  are 
suspended.  This  description  sounds  complicated,  but 
after  a  little  practice  the  process  can  be  carried  out 
almost  with  certainty  in  far  less  time  than  it  takes  to 
describe  it ;  in  fact,  so  quickly  can  it  be  done,  and  so 
simple  does  it  appear,  that  no  one  would  suppose  that 
so  many  details  had  to  be  attended  to. 

Bubbles  and  Electricity 

These  experiments  are  on  the  whole  the  most  difficult 
to  perform  successfully.  The  following  details  should  be 
sufficient  to  prevent  failure.  Two  rings  are  formed  at  the 
end  of  a  pair  of  wires  about  six  inches  long  in  the  straight 
part  About  one  inch  at  the  opposite  end  from  the  ring 
is  turned  down  at  a  right  angle.  These  turned-down 
ends  rest  in  two  holes  drilled  vertically  in  a  non-conductor 
such  as  ebonite,  about  two  or  three  inches  apart.  Then 
if  all  is  right  the  two  rings  are  horizontal  and  at  the  same 
level,  and  they  may  be  moved  towards  or  away  from  one 
another.  Separate  them  a  few  inches,  and  blow  a  bubble 
above  or  below  each,  making  them  nearly  the  same  size. 
Then  bring  the  two  rings  nearer  together  until  the 
bubbles  just,  and  only  just,  rest  against  one  another. 
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Though  they  may  be  hammered  together  without  joining, 
they  will  not  remain  long  resting  in  this  position,  as  the 
convex  surfaces  can  readily  squeeze  out  the  air.  The 
ebonite  should  not  be  perfectly  warm  and  dry,  for  it  is 
then  sure  to  be  electrified,  and  this  will  give  trouble.  It 
must  not  be  wet,  because  then  it  will  conduct,  and  the 
sealing-wax  will  produce  no  result.  If  it  has  been  used 
as  the  support  for  the  rings  for  some  of  the  previous 
experiments,  it  will  have  been  sufficiently  splashed  by  the 
bursting  of  bubbles  to  be  in  the  best  condition.  It  must, 
however,  be  well  wiped  occasionally. 

A  stick  of  sealing-wax  should  be  held  in  readiness 
under  the  arm,  in  a  fold  or  two  of  dry  flannel  or  fur.  If 
the  wax  is  very  strongly  electrified,  it  is  apt  to  be  far  too 
powerful,  and  to  cause  the  bubbles,  when  it  is  presented 
to  them,  to  destroy  each  other.  A  feeble  electrification 
is  sufficient ;  then  the  instant  it  is  exposed  the  bubbles 
coalesce.  The  wax  may  be  brought  so  near  one  bubble 
in  which  another  one  is  resting,  that  it  pulls  them  to  one 
side,  but  the  inner  one  is  screened  from  electrical  action 
by  the  outer  one.  It  is  important  not  to  bring  the  wax 
very  near,  as  in  that  case  the  bubble  will  be  pulled  so 
far  as  to  touch  it,  and  so  be  broken.  The  wetting  of  the 
wax  will  make  further  electrification  very  uncertain.  In 
showing  the  difference  between  an  inner  and  an  outer 
bubble,  the  same  remarks  with  regard  to  undue  pressure, 
electrification  or  loss  of  time  apply.  I  have  generally 
found  that  it  is  advisable  in  this  experiment  not  to  drain 
the  drops  from  both  the  bubbles,  as  their  weight  seems 
to  steady  them ;  the  external  bubble  may  be  drained, 
and  if  it  is  not  too  large,  the  process  of  electrically  joining 
the  outer  bubbles,  without  injury  to  the  inner  one,  may 
be  repeated  many  times.  I  once  caused  eight  or  nine 
single  bubbles  to  unite  with  the  outer  one  of  a  pair  in 
succession  before  it  became  too  unwieldy  for  more 
accessions  to  be  possible. 
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It  would  be  going  outside  my  subject  to  say  anything 
about  the  management  of  lanterns.  I  may,  however, 
state  that  while  the  experiments  with  the  small  bubbles 
are  best  projected  with  a  lens  upon  the  screen,  the  larger 
bubbles  described  in  the  last  lecture  can  only  be  pro- 
jected by  their  shadows.  For  this  purpose  the  condens- 
ing lens  is  removed,  and  the  bare  light  alone  made  use  of. 
An  electric  arc  is  far  preferable  to  a  lime-light,  both 
because  the  shadows  are  sharper,  and  because  the  colours 
are  so  much  more  brilliant.  No  oil  lamp  would  answer, 
even  if  the  light  were  sufficient  in  quantity,  because  the 
flame  would  be  far  too  large  to  cast  a  sharp  shadow.  A 
Nernst  lamp  answers  fairly  well,  but  limelight  is  better. 

In  these  hints,  which  have  in  themselves  required  a 
rather  formidable  chapter,  I  have  given  all  the  details,  so 
far  as  I  am  able,  which  a  considerable  experience  has 
shown  to  be  necessary  for  the  successful  performance 
of  the  experiments  in  public.  The  hints  will  I  hope 
materially  assist  those  who  are  not  in  the  habit  of 
carrying  out  experiments,  but  who  may  wish  to  perform 
them  for  their  own  satisfaction.  Though  people  who 
are  not  experimentalists  may  consider  that  the  hints  are 
overburdened  with  detail,  it  is  probable  that  in  repeating 
the  experiments  they  will  find  here  and  there,  in  spite 
of  all  my  care  to  provide  against  unforeseen  difficulties, 
that  more  detail  would  have  been  desirable. 
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